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Chapter1
Introduction
“Nothing in life is to be feared, it is only to be understood. Now is the time
to understand more, so that we may fear less.”
Marie Curie
—————————-
Accretion is the accumulation of matter in a gravitational potential well. It gov-
erns the growth and the evolution of objects in the Universe, from the formation of
stars such as our Sun to the evolution of galaxies where supermassive black holes
in their center accrete material from the surrounding gas. The Sun was formed 4.6
billion years ago by accreting material from a proto-planetary disc of gas and dust,
eventually forming the Solar System (Guenther, 1989).
In our Galaxy there are 100−400 billion stars, and it is thought that more than half are
part of binary or multiple systems (Öpik, 1924; Martynov, 1971). In a binary system,
when the most massive star of the two evolves to a red giant and the initial orbital
separation is small enough, it starts to transfer material to its companion. Under the
right conditions the massive star engulfs the companion star in a common-envelope
phase and the binary evolves to shorter orbital periods because of a loss of angular
momentum due to drag forces. After emerging from the common-envelope phase the
red giant star leaves its core. If the initial mass was no more than 8M, it will become
degenerate, forming a white dwarf (WD). When a low-mass main-sequence compan-
1
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ion star starts transferring material to the WD, the binary becomes a Cataclysmic
Variable star (CV) (Paczynski, 1976; Webbink & Politano, 1993). Alternatively, if
the most massive star of the pair is much more massive > 8M, the evolution of the
binary will be different. In this case the massive star will explode as a supernova. As
a result a different type of compact remnant will be formed: a neutron star (NS), or a
black-hole (BH) if the initial mass of the star is high enough (MMS ≥ 20M). After
the supernova, if the system remains bound, the companion can start transferring ma-
terial to the compact star forming a compact binary known as an X-ray binary (XRB).
Thus, X-ray binaries are accreting compact binaries consisting of a NS or a BH and a
companion star. In all these binary systems, the accretion of gas can be supplied via
the evolutionary expansion of the secondary star or mass loss is driven by the loss of
angular momentum from the orbit.
As the material leaves the companion star it has a large angular momentum and
the gas cannot be directly accreted, forming an accretion disc (Frank et al., 2002). In-
dependent of the nature, the mass and the size of the compact object, accretion discs
share many observational properties suggesting that the accretion flow is driven by
similar physical processes (Scaringi et al., 2015). To understand accretion, it is im-
portant to learn how the energy is radiated way and how the angular momentum is
extracted from the binary, and to determine the geometry of the discs. Equally rele-
vant is to learn which processes occur in the vicinity of a compact object, especially
near a BH or a NS where relativistic effects are important. To address these questions
we explore the similarities and differences of accretion discs around different compact
objects. One property that they have in common is the brightness variations with time,
observed over a wide range of time-scales and across the electromagnetic spectrum.
Sometimes the variations are quasi-periodic, but the systems always show aperiodic
fluctuations. Many of these variations are thought to originate in the accretion disc,
generated by physical processes that are still not well understood (e.g. van der Klis,
2006). Thus, studying the variability properties of accreting objects can allow us to
understand the accretion processes.
This thesis provides new evidence on how variability properties can link accretion
onto different compact objects and helps to constrain key parameters of the systems
and their accretion discs, such as the viscosity parameter α , the size of the emitting
2
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region, the radius of the compact object and the mass accretion rate. In the following
sections I will explain the basics of accretion disc theory, the physical processes and
the relevant time-scales. It will be followed by a description of the latest results on the
universality of the physics of accretion onto compact sources and an overview of our
understanding. In particular, I describe why studying rapid variability of these sys-
tems can teach us more about accretion onto these exotic objects, reviewing the latest
results in the field. I will introduce the objects studied in this thesis: cataclysmic
variable stars, X-ray binaries and active galactic nuclei (AGN). Finally, I end with a
description of the methods used to study variability and a description of the data used
in this thesis.
1.1. Accretion disc theory
All the object classes described in Sections 1.3-1.5 (CVs, XRBs and AGN) con-
tain an accretion disc of material. The basic physics of accretion discs is explained by
Shakura & Sunyaev (1973). When matter falls in the gravitational well of a compact
star it starts to follow an orbit around the compact object (Pringle, 1981). The material
does not fall onto the compact object directly as it possesses angular momentum as
the matter revolves around the centre of mass of the system (Lubow & Shu, 1975).
The continuous stream of gas will follow identical ballistic orbits that will intersect
and will form a ring of material around the primary star in the orbital plane of the
binary. The ring of gas will place itself in the orbit of the lowest energy for a given
angular momentum, equal to the specific angular momentum with which the gas left
the secondary star. Thus, most of the gas will slowly spiral inwards towards the com-
pact object in circular orbits due to the loss of angular momentum, this configuration
is known as an accretion disc. The in-spiralling can only be done by transferring an-
gular momentum outwards through the disc (in the absence of external torques) by
internal torques. As a result, the outer parts of the disc will spiral outwards. Hence,
the original ring of gas spreads to smaller and larger radii forming the accretion disc.
The gas in the disc moves with Keplerian angular velocity Ω2 = GM/R3 around the
central mass M. Due to viscosity and magnetic stresses between adjacent layers of
gas energy is dissipated as heat, and radiated away. The efficiency of the transfer of
angular momentum depends on the viscosity, ν . Currently, the mechanism that pre-
3
CHAPTER 1 : INTRODUCTION
dicts a viscosity of the right magnitude is magnetohydrodynamic (MHD) turbulence
(Balbus & Hawley, 1991). These investigations showed that a weak vertical magnetic
field is unstable if the angular velocity of the gas decreases outward (differentially
rotating discs). Two elements connected by a magnetic field line rotating at different
radii will have different angular velocities. The magnetic tension tries to tether the
elements, whereas the rotation tends to stretch them out. The element in the inner
radius experiences a retarding torque, looses angular momentum and falls to a deeper
orbit. While the outer element acquires more angular momentum and moves outward.
As the nature of this viscosity is still poorly understood, we use the prescrip-
tion of Shakura & Sunyaev (1973). They solved the equations of accretion discs by
parametrising ν with the viscosity parameter α , taken to be < 1. If the redistribution
of angular momentum is done by a turbulent viscosity of some kind, and we assume
that this turbulence is subsonic (v < cs) and the size of the eddies is smaller than the
scale-height of the disc, we can write:
ν = α csH, (1.1)
where cs is the local sound speed and H is the local scale height of the disc. It is
assumed that the disc is thin, so that H is much smaller than the disc radius H  R.
However, the thin approximation breaks down in the inner parts of the disc close to
the compact object (Frank et al., 2002). This region is thought to be geometrically
thick and optically thin, known as a corona. Dynamically, it is a region where the Ke-
plerian velocity has to slow down to the spin velocity of the compact object (Narayan
& Popham, 1993). This region emits half of the gravitational energy of the system. In
the corona, the turbulence and magnetic fields accelerate particles and generate non-
thermal radiation. However, when the accretion rate is high, the geometrically thin
disc can extend all the way to the surface of the compact object, and the deceleration
region is known as the boundary layer.
One of the main puzzles of accretion disc physics is to unveil the nature and the
value of the viscosity, which most likely depends on the local parameters of the disc,
such as the surface density and the temperature. The kinematic viscosity ν causes en-
ergy dissipation of the disc at a rate D(R) per unit area and time, that can be estimated
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using the parametrisation of α described above so that the equation does not depend
explicitly on the unknown ν :
D(R) =
3GMM˙
4pi R3
[1− (R∗/R)1/2], (1.2)
where M˙ is the mass accretion rate and R∗ the stellar radius. Then, we can estimate
the luminosity of an accretion disc:
Ldisc =
∫ ∞
R∗
D(R) ·2pi RdR = GMM˙
2R∗
. (1.3)
Therefore, half of the accretion energy is radiated away by the disc and the other half
by the corona or boundary layer. There is a critical value for the luminosity where the
radiation pressure on the electrons acting outwards balances the gravitational attrac-
tion of protons and the nuclei acting inwards. The critical luminosity, or Eddington
luminosity, is:
LEdd =
4piGM mp c
σT
≈ 1.3×1038
(
M
M
)
ergs−1, (1.4)
where M is the mass of the accreting object, mp is the mass of the proton, σT is
the Thomson cross-section (Frank et al., 2002). When the luminosity exceeds the
Eddington limit, the radiation pressure drives an outflow. Gamma-ray bursts, novae
and supernovae are examples of systems exceeding the Eddington luminosity for very
short times, resulting in high mass loss rates (Frank et al., 2002).
1.1.1. Time dependence
So far we have assumed steady discs, in the sense that despite small perturbations
the disc is in thermal and viscous equilibrium. However, CVs and XRBs show peri-
ods of outbursts where the luminosity of the disc increases rapidly due to a change
in the mass transfer through the disc. These phenomena are explained by a thermal
instability followed by a viscous instability in the disc (Osaki, 1974; Lasota, 2001). If
the rate of matter transfer into the accreting object is higher than the rate at which the
material is transferred outwards, the surface density and the temperature will increase.
As the temperature increases, the viscous heating increases the opacity and ionises the
hydrogen in the disc. This hot state cannot be sustained for long and it returns to the
5
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quiescence or low state (for further discussions of this model see Lasota, 2001).
As explained above, the discs can change their structure with time, thus it is im-
portant to study the physical time-scales that may be relevant in accretion processes
of the gas. The first one to consider is the Keplerian time-scale tφ :
tφ ∼ R/vφ ∼Ω−1 =
(
GM
R3
)−1/2
. (1.5)
The smaller the ring radius, the faster the material will rotate in that ring.
The time-scale on which hydrostatic equilibrium is established in the vertical direction
z above the orbital plane is given by:
tz =
H
cs
. (1.6)
This time-scale can be approximately the same as the dynamical time-scale using the
thin disc approximation.
tz =
H
cs
∼ R
Mcs
∼ R
vφ
∼ tφ . (1.7)
where M is the Mach number. Another important time-scale is the one to restore
thermal equilibrium in the disc tth:
tth =
Heatcontentperunitdiscarea
Dissipationperunitdiscarea
. (1.8)
This can be estimated as:
tth ∼ tφα . (1.9)
The thermal time-scale is much longer than the Keplerian time-scale as the viscos-
ity parameter α is always smaller than 1 (being α = 0.01, in quiescence and larger
in outbursts, Shakura & Sunyaev 1973). One important time-scale to consider is the
time on which the local viscosity changes in the disc. This depends on the parameter
α and the scale-height ratio of the disc.
tν =
1
α
(
H
R
)2
tφ  tφ . (1.10)
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For geometrically thin discs the disc-scale height ratio (H/R)2 ≤ 0.1, thus the vis-
cous time-scale is always the longest time-scale in the disc (e.g. Frank et al., 2002).
1.2. Universality of accreting compact sources
CVs, XRBs and AGN share many observational properties associated with the
accretion disc. In this section I will review all the similarities of these objects found
in the past decades and the latest results on how the variability properties can link all
accreting objects.
One of the main observational similarities is the presence of outbursts in XRBs and
FIGURE 1.1: Illustration of all the accreting compact objects showing the different
range in mass. From left to right, YSO, CV, XRB and AGN.
CVs, on different time-scales and observed at different wavelengths. When a system
goes into outburst, there is an increase in brightness that can last from days to weeks
in CVs and from weeks to years in XRBs (Shakura & Sunyaev, 1973; Lasota, 2001).
Associated to the change in their light curve, it has been demonstrated in XRBs
that there is also a change in the spectral state of the source (Fender et al., 2004; Bel-
loni et al., 2005; Körding et al., 2006). As the source enters into the outburst or soft
state, the disc becomes optically thick and the emission comes mainly from the accre-
tion disc in soft X-rays (see left panel in Fig. 1.2). The spectra can be modeled with a
multi-colour black-body, with different temperatures at different radii of the disc (see
7
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right panel of Fig. 1.2). In outburst there are also changes in the variability proper-
ties of the system: the amplitude of variability decreases (Gleissner et al., 2004; Heil
et al., 2012). In contrast, when the source is in quiescence or the hard state, the disc
becomes optically thin and there is hard X-ray emission coming from the corona. As a
result, the spectra can be modeled with a black-body in soft X-rays and a power-law in
hard X-rays to account for the acceleration of X-ray photons via the inverse Compton
effect (Thorne & Price, 1975; Sunyaev & Truemper, 1979). In quiescence the ampli-
tude of variability is larger than in outburst (Gleissner et al., 2004; Heil et al., 2012).
Additionally, it has been observed that many XRBs show a radio jet in the transition
from the hard to the soft state (Fender et al., 2004; Belloni et al., 2005; Körding et al.,
2006). The radio emission is due to the acceleration of relativistic electrons which
then radiate by the synchrotron emission mechanism (Blandford & Payne, 1982).
FIGURE 1.2: Left: Illustration of the spectral state transitions. If the system is in hard
state or quiescence, the disc is optically thin and geometrically thick. If it is in soft
state or outburst, the disc is optically thick and geometrically thin. Right: Spectrum
of the XRB Cyg X-1 in hard and soft state (Yamada et al., 2013). The black symbols
depicts the soft spectrum and the red symbols a hard spectrum.
Körding et al. (2008) detected a jet from the CV SS Cygni in a spectral state tran-
sition from the hard to the soft state, similar to what had been reported for XRBs. This
result has been confirmed using more observations by Miller-Jones et al. (2012) and
Russell et al. (2016). Coppejans et al. (2015) and Coppejans et al. (2016) reported
the detection of strong radio emission, presumably associated with a jet of plasma, in
8
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different classes of CVs (see Section 1.3 for the different types of CVs). In addition,
AGN also show powerful jets and they might also undergo similar state transitions,
although it has not been demonstrated yet as these systems evolve on much longer
time-scales, difficult to observe on human time-scales. However, there is evidence of
“changing look” AGN, i.e. changing from a Compton-thin to a Compton-thick state
(e.g. Markowitz et al., 2014; Ricci et al., 2016; Lamassa, 2016). Furthermore, even
some Young Stellar Objects (YSOs), proto-stars accreting from a disc of gas also
show outbursts and jets (Kenyon et al., 1988; Hartmann & Kenyon, 1996; Sauty &
Tsinganos, 1994).
Accretion discs around white dwarfs, neutron stars, stellar-mass black holes and
supermassive black holes have very different temperatures and densities, e.g. discs
around WDs or supermassive black holes are cooler than those around neutron stars
or stellar-mass black holes. Furthermore, the solid surface of WDs and NSs and their
magnetic fields produce phenomena such as pulsations or thermonuclear explosions
that are not observed in accretion discs around black holes. Despite these differences,
the general accretion physics must be the same to produce similar observational fea-
tures. Especially relevant is the case of XRBs with BHs and AGN, the accretion
processes onto a stellar-mass black hole and a supermassive black hole are remark-
ably similar (see Section 1.2.1). Furthermore, regardless of the nature of the compact
object in XRBs, it has been observed that identical mechanisms govern the flow, and
their accretion discs must have a similar structure as the inner disc edge lies in both
cases at a few gravitational radii from the central object (rg = 2GM/c2). CVs and
XRBs with NSs show interesting phenomena when the material accumulates on a
solid surface, as it will be demonstrated to the reader further in this introduction. Ad-
ditionally, the accretion discs in AGN and CVs are cooler than those of XRBs and they
emit in the optical. All these striking similarities of accretion and ejection processes
point to a common origin in all these systems. In the next section I will introduce the
latest results on variability.
9
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1.2.1. The variability connection
All the accreting systems exhibit random fluctuations over a range of time-scales
(broad-band noise), and across the electromagnetic spectrum. These variations can be
characterised by red noise or random-walk noise. Its power spectrum is characterised
by a power-law with power-law index of −2 (Press, 1978). The root-mean-square
(RMS) amplitude of variability is highly correlated with the mean flux of the source
over a wide range of time-scales. This observational feature has been first reported for
the X-ray binary Cyg X-1 by Uttley & McHardy (2001), and subsequently observed
in many XRBs and AGN. The ‘rms–flux relation’ indicates that as the source gets
brighter it gets more variable. This is explained by the propagating fluctuation model
of Lyubarskii (1997); Arévalo & Uttley (2006), where fluctuations in viscosity in the
outer parts of the disc propagate inwards and couple multiplicatively with fluctuations
further in. As a result, the amplitude of variability in the inner parts of the disc, where
the disc is hotter, is larger than in the outer parts of the disc. Recently, Scaringi et al.
(2012b) and Van de Sande et al. (2015) reported the detection of the rms–flux relation
in a number of CVs, indicating that the same process is likely to occur in all accreting
systems.
In order to explore in detail other variability properties, we can examine the light
curves in the frequency domain. If we compute the Fourier power spectrum, or power
spectral density (PSD), from a light curve, the shape is generally described by a
power-law P(ν) = ν−α of spectral index of α ≈−2 at high frequencies and a break at
low frequencies νb (e.g. van der Klis, 1995). The physical explanation for this drop in
variability is not fully understood but it probably originates at the inner disc, and the
frequency break, νb, can be associated to a characteristic time-scale at the inner disc
edge. The PSDs show similar shapes in XRBs, AGN and CVs. In Fig. 1.3 the power
spectra of an XRB and a CV are shown, where there is a break at higher frequencies.
When the source is in the soft state (or the high state), it shows lower power variability
and the break shifts to a higher frequency, probably explained by the fact that when
the mass accretion rate is higher, the material moves in a deeper orbit closer to the
central object (Cui et al., 1997; Gleissner et al., 2004).
When studying the dependence of νb for a sample of black-hole XRBs and AGN
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FIGURE 1.3: Left: PSD of the X-ray binary Cyg X-1 from Uttley et al. (2005). Right:
PSD of the CV MV Lyrae from Scaringi et al. (2012a). The frequency break is seen at
higher frequency in XRBs than in CVs. This is explained because in XRBs the inner
edge of the disc lies closer to the central object, thus the characteristic time-scale is
faster.
with different masses and accretion rates, it became clear that stellar-mass black-holes
looked like scaled-down versions of AGN (McHardy et al., 2006). The observed char-
acteristic time-scale can be associated with the viscous time-scale of the disc. Thus,
the aperiodic variability properties are analogous for both types of black holes once
the mass and the mass accretion rate (or luminosity) are taken into account. This scal-
ing relation derived by McHardy et al. (2006) can be seen as a plane in the parameter
space given by the (logarithms of) black-hole mass, the accretion luminosity and the
break frequency (see Fig. 1.4):
log10 tb = 2.1log10 MBH−0.98log10 Lbol−2.32. (1.11)
However, it was still unclear if the existing scaling relation could also apply to other
accreting objects.In addition, the characteristic inner disc radius and the mass scale
linearly as RISCO ≈ 3GMBH/c2. Recently, Scaringi et al. (2015) presented a new
scaling relation including WDs and even including a young stellar object (YSO) pro-
viding another piece of evidence for the universality of accretion (see Fig. 1.4). CVs
are key to break the BH mass-radius degeneracy because the radius of a WD is three
orders of magnitude larger than RISCO for a massive BH. The new scaling relation
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derived from Scaringi et al. (2015) is:
log10 νb =−2.0log10 R+0.04log10 M+0.95log10 M˙−3.07, (1.12)
where R is the radius at the inner edge of the disc and M˙ the mass accretion rate. The
previous scaling relation from McHardy et al. (2006) was based only on BH and there
was degeneracy between the mass and radius. They essentially fitted νb ∝ RaMb and
finding that a+ b ∼ −2, similar to what is reported including the radius. Thus, ac-
cording to this result the dominant parameter in the scaling relation is the inner disc
radius and not the mass of the accretor (Scaringi et al., 2015).
FIGURE 1.4: Scaling relation from Scaringi et al. (2015) linking the characteristic
time-scale measured in the power spectrum with the estimated viscous time-scale for
different parameters of the system such as the mass,the accretion rate and the inner
radius.
Apart from the random variations described above, CVs, XRBs and AGN show
quasi-periodic oscillations (QPOs), periodic signals that are thought to originate in
the accretion disc. In XRBs there are multiple classes of QPOs, associated with the
different spectral states of the source and the type of the central object. Interestingly,
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Psaltis et al. (1999) and Belloni et al. (2002) showed that the low-frequency QPOs (of
the order of tens of Hz) and the high-frequency QPOs (kHz) observed in XRBs with
NS were tightly correlated. The latter seems to depend weekly on properties such as
the mass, the magnetic surface or the presence of a hard surface, as it extends to many
classes of XRBs with NSs and also with BHs. The correlation found, known as the
‘PBK relation’, suggests that similar physical mechanisms are responsible for some
type of QPOs and noise components, because it is found over a wide range of frequen-
cies and classes of objects. The PBK relation has been also extended to CVs using
the low-frequency equivalents of QPOs in CVs: the dwarf nova oscillations (DNOs)
(see Fig 1.5 from Warner et al. 2003). These are associated with the Keplerian period
at the magnetically truncated inner edge of the disc. The periodicity of the QPOs in
CVs is PQPO ∼ 15PDNO.
BHXRBs	
NSXRBs	
CVs	
FIGURE 1.5: The PBK relation including CVs. There is a linear correlation between
the high and the low frequency QPOs, suggesting a common origin in the accretion
disc. Figure extracted from Warner et al. (2003).
In addition, there is another variability property common in XRBs and AGN: the
time-delays observed between different energy bands. Time delays or lags provide
relevant information about the discs, as they can point to different physical processes
13
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and help to constrain the geometry of the system. Sometimes the presence of soft
lags at high frequencies (thus at fast time-scales) is observed, indicating that the soft
photons arrive later than the harder photons (e.g. McHardy et al., 2007; Uttley et al.,
2014a). The delay can be explained by the light travel time from the photons coming
from a continuum source, e.g. the corona, to the accretion disc. Thus, the hard photons
arrive earlier than the soft photons, because the latter are reflected in the disc close
to the central object. It is possible to calculate the region where they reflect and gain
insight on the size of the accretion disc. Additionally, at lower frequencies (longer
time-scales) the opposite has been observed, the soft photons arrive earlier than the
harder photons (Kotov et al., 2001; Cassatella et al., 2012). This phenomenon is asso-
ciated to a different physical process and hence to a different time-scale. The reason to
receive softer photons before the hard ones is described by the propagating fluctuation
model (Lyubarskii, 1997; Arévalo & Uttley, 2006). As described above, the material
moves inwards going from cooler to hotter regions of the disc, thus the hotter (harder)
photons are emitted later than the cooler (softer) photons. If one associates the time
delay with the viscous time-scale we can put constraints on the geometry of the disc,
the disc scale-height ratio and the viscosity parameter α (see eq. 1.8).
Recently, Scaringi et al. (2013) show that also two CVs show soft lags and it is still
unclear whether the same process is present in CVs, XRBs and AGN. Further investi-
gation of time lags in CVs is required to better understand the link with other accreting
sources. Thus, in order to study the variability properties of accretion discs and study
the relevant time-scales that may play a role one should do time series analysis (intro-
duced in Section 5.3).
1.3. Cataclysmic variables
Cataclysmic variable stars are close binary systems that consist of a white dwarf
(WD) that accretes material from a main-sequence secondary star (for a full descrip-
tion of CVs see Warner, 2003). The typical white dwarf masses range from 0.6 to
1.2M (e.g. Zorotovic et al., 2011) and have a surface temperature between 8,000
K and 40,000 K (Townsley & Gänsicke, 2009). The companion star has a K or M-
spectral type. The two stars have equipotential surfaces generated by the gravitational
potential, and the volume enclosed is known as the Roche lobe. The two surfaces
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touch in one point, the inner Lagrangian point, L1. The secondary star fills its Roche
lobe and transfers material to the white dwarf through the Lagrangian point. The
stream of gas passes that point and follows a ballistic trajectory towards the central
object. The gas will be accreted by the white dwarf, either channelled by the magnetic
field lines onto the magnetic poles or through an accretion disc, or a combination of
both (Warner, 2003). This is determined by the magnetic field strength of the white
dwarf. The point where the stream of gas collides with the disc is known as the ‘hot
spot’. In the collision kinetic energy is converted into thermal energy and radiated
away. To illustrate Fig. 1.6 shows a cartoon of the structure of a CV. In the inner
FIGURE 1.6: Illustration of a cataclysmic variable star with accretion via Roche-lobe
overflow. The secondary star is distorted due to the gravitational field of the white
dwarf. The material flows through the Lagrangian point and forms an accretion disc
around the white dwarf. Image: Roen Kelly for Astronomy magazine.
region of the disc the Keplerian velocity of the flow of ∼ 3000kms−1 slows down
to the stellar surface velocity of only ∼ 300kms−1. This is known as the boundary
layer (Hellier, 2001). Thus, the kinetic energy is translated into heat and radiated
away. When the accretion rate is low, M˙ ∼ 5× 10−10 M yr−1, the boundary layer
transitions in a corona that is optically thin with a temperature of T∼ 108 K (20keV).
Thus, in quiescence it is possible to detect hard X-rays from the corona. However,
when the accretion rate is higher, as in outburst, the boundary layer becomes optically
thick and this leads to a black body emission that peaks in the UV regime T∼ 2×105
K (20eV). A cartoon of these two states is shown in the left panel of figure 1.2.
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CVs can be classified depending on the magnetic field strength of the white dwarf.
When the magnetic field is 106 G≤ B≤ 107 G the accretion disc does not extend all
the way to the white dwarf surface. Instead it is truncated at the magnetospheric,
or Alfvén radius, and then the material is funnelled to the poles. These systems are
known as intermediate polars (IPs). If the magnetic field is even stronger (B ≥ 107
G), the disc does not form and the material is directly accreted to the poles. These
are known as polars (e.g. Warner, 2003). Among the non-magnetic CVs we can dis-
tinguish several classes: novae, or recurrent novae, dwarf novae (DNe), and nova-like
variables (NLs). The first two experience thermonuclear runaways of hydrogen (or
helium but very rare) that was accreted by the WD. Novae have an increase in their
(apparent) brightness by 8 to 15 magnitudes over a period of months to years (Hellier,
2001; Warner, 2003). When novae recur on human time-scales, they are known as
recurrent novae. These eruptions do not disrupt the white dwarf. If the WD is pushed
over the Chandrasekhar limit of 1.4M, the star may explode as a supernova, called
‘Type 1a’ (e.g. Prialnik, 2000; Warner, 2003). However, there are other mechanisms
for a supernovae Type 1a to be triggered, such as collisions between WDs in the cores
of globular clusters (Rosswog et al., 2009a), tidal encounters with black holes (Ross-
wog et al., 2009b), or accretion of material from a helium white dwarf companion
(Guillochon et al., 2010)
Less spectacular are the other group of CVs, the DNe and the NLs, but they are
ideal objects to study accretion discs physics. The DNe are systems that experience
outbursts with a typical duration of ∼ 25 days, returning to their usual faint or low
state known as quiescence (Lasota, 2001). During an outburst they decrease their
magnitude by up to ∆V ≈ 5 magnitudes and this occurs with a recurrence time vary-
ing from weeks to decades (Warner1995). An example of the typical outbursts from
the well-known DN SS Cygni is shown in the light curve of Fig. 1.7. This figure
was extracted from the American Association of Variable Star Observers (AAVSO1).
The outbursts are explained by the release of energy induced by an increase of the
mass transfer rate through the disc, and accretion onto the white dwarf (Osaki, 1974).
This is thought to occur because of a viscous/thermal instability as explained by the
Disc Instability Model (Smak, 1971; Osaki, 1974). Nova-like variables are CVs that
always accrete at high accretion rates. The disc is thermally stable and the material is
1https://www.aavso.org/lcg
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partially or fully ionised, thus in many ways behaving as DNe in outburst.
CVs are interesting objects to test accretion models as they are easy to observe
because their accretion discs emit in the UV/optical regime, and they are nearby bright
objects. Additionally, WDs are not relativistic objects, thus they are ideal laboratories
to study accretion processes without being subjected to relativistic effects.
FIGURE 1.7: Light curve of SS Cygni extracted from AAVSO. The outbursts occur
are quasi-periodically, roughly every 40 days, when the source rises from a quiescent
magnitude of V=12 to an outburst magnitude of V=8.5 (e.g. Szkody & Mattei, 1984).
1.4. X-ray binaries
X-ray binaries were discovered later than CVs, in the 1960s, when strong X-ray
emission was detected with an X-ray satellite that was going to explore the lunar sur-
face prior to the launch of astronauts to the Moon. The emission was coming from
outside of the Solar System, from the X-ray binary Scorpius X-1 (see Giacconi et al.,
1962). X-ray binary systems consist of a compact star that can be either a neutron
star or a black hole, that accretes material from a companion star. Depending on the
mass of the companion we can distinguish two classes of X-ray binaries: low-mass
X-ray binaries (LMXB) and high-mass X-ray binaries (HMXB). In the first case the
companion star has a mass of ≤ 1M and a spectral type K–M, and similar to the
case of CVs, it fills its Roche-lobe and transfers material onto the NS or the BH. The
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life-time of LMXBs is determined by the mass-transfer process and is of the order of
107−109 years (e.g. Lewin & van der Klis, 2006a). The companion star in HMXBs
is a massive star (∼ 10M) with spectral type O or B. In these systems the compact
object can still accrete material from the companion, even if this one does not fill its
Roche lobe. The accretion can be done via the capture of the strong stellar wind of the
companion in a close orbit. The typical life-time for these systems is 105−107 years,
determined by the faster evolution of the high-mass companions (e.g. Lewin & van
der Klis, 2006a). For LMXBs their orbital periods range from 0.2 hr to 398 hr. For
HMXBs the orbital periods are longer ranging from 4.8 hr to 187 days (e.g. Lewin
et al., 1995).
X-ray binaries emit primarily in X-rays because the accreted material can go
deeper into the gravitational potential well, extending down very close to the stellar
surface (only a few rg). In XRBs part of the X-ray light comes from the boundary layer
or corona and from the stellar surface. The corona is thought to have ultra-relativistic
electrons that can up-scatter photons via the Inverse Compton effect and generate hard
X-rays (e.g. Haardt & Maraschi, 1993; Nowak et al., 1999). Also common in these
systems is the presence of a collimated radio jet of ultra-relativistic electrons reach-
ing hundreds of AU (Hjellming & Han, 1995). Many of these systems are transient
sources that rise on a time scale of days and then they decay over months to years (e.g.
Lewin et al., 1995). This phenomenon recurs on a time scale that ranges from days to
tens of years, sometimes periodically but in general aperiodically, and it is followed
by periods of quiescence lasting from months to decades (Lewin et al., 1995). These
outbursts are similar to the ones described in the DNe. The source will increase its
X-ray luminosity by several orders of magnitude (Bradt et al., 2000).
There are about ∼ 60 candidate black-hole X-ray binaries in our Galaxy (Corral-
Santana et al., 2016). The low number is explained by the difficulty to determine
dynamical masses of these sources in quiescence due to their faintness. The systems
are distant and suffer from high extinction and usually have faint companions (Corral-
Santana et al., 2016; Belloni et al., 2011). There are hundreds of known X-ray binaries
with NSs, allowing us to study their accretion discs (Liu et al., 2007). If the NS has
a strong magnetic field (∼ 1012 G) it will disrupt the accretion flow and the material
will be directly channelled to the magnetic poles, similar to the case of magnetic white
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dwarfs.
1.4.1. Type-I X-ray bursts
When the magnetic field is weaker (< 1010 G) the disc can go deeper into the
gravitational potential, closer to the neutron star surface (e.g. Lewin et al., 1993). In
that case other violent phenomena might occur on the solid surface of the neutron
star known as X-ray bursts. There are two main classes of X-ray bursts, Type I X-
ray bursts and the Type II. The Type II bursts are attributed to a recurrent accretion
instability (e.g. Lewin et al., 1993). These are long bursts (∼ hr) compared to the
Type I X-ray bursts and less frequent, with recurrence times of the order of years
(e.g. Kuulkers, 2002). In contrast, Type I X-ray bursts are thermonuclear runaways
on the surface of weakly magnetised neutron stars, caused by the unstable ignition of
H and/or He accreted from the companion star (Woosley & Taam, 1976; Maraschi &
Cavaliere, 1977; Lamb & Lamb, 1978). Systems that show Type I X-ray bursts do
not show X-ray pulsations (e.g. Lewin et al., 1993). The latter appear frequently in
HMXBs with strong magnetic fields > 1011 G, thus this suggests that X-ray bursts
occur only in weakly magnetised NSs (Lewin et al., 1993). The material of the disk
looses kinetic energy and angular momentum due to friction and eventually falls onto
the neutron star surface where the material builds up. When the temperature and den-
sity in the accreted layer of material reach critical values, the ignition takes place. In
seconds the instability spreads over the neutron star surface (Strohmayer & Bildsten,
2006). If the fuel is purely hydrogen, the nuclear reactions that convert hydrogen into
heavier elements are: the p-p chain at T ≤ 3× 107 K and the CNO cycle dominates
at T ≥ 1.7× 107 K (Schuler et al., 2009). If the fuel is helium it generates heavier
elements via the triple α process at 108 K (e.g. Schuler et al., 2009). Sometimes, if
the fuel is a mixture of hydrogen and helium the hydrogen may burn steadily, increas-
ing the temperature and triggering the helium to burn unstably. They are short events
(10− 1000 s), characterised observationally by a fast rise in the X-ray flux of sev-
eral orders of magnitude above the persistent level, followed by an exponential decay
(Lewin et al., 1993). The observed rise times are less than a second, while the decay
can last for seconds to 30 min (e.g. Lewin et al., 1993). An example of a typical Type
I X-ray burst light curve from the XRB 4U 1728–34 is shown in Fig. 1.8. The burst
properties depend on the composition of the accreted material and the local accretion
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rate, among other factors (for details Cumming & Bildsten, 2001). In order to learn
more about the composition of the fuel we can calculate the coefficient α , which is
defined as the ratio of the average persistent X-ray flux to the average flux emitted in
bursts, α:
α =
Fp∆ t
Eb
, (1.13)
where Fp is the persistent X-ray flux of the system, ∆ t is the recurrence time and Eb
is the fluence of the burst. Hence, α is a measure of the relative efficiency of the two
processes: the accretion and the thermonuclear runaway (see Lewin & van der Klis,
2006a). We note that this α is different from the α parameter related to the viscosity
described in Section 1.1. The observed α values range from 10−103, the larger val-
ues being for the ignition of pure He, and the lower values for pure H burning.
FIGURE 1.8: Light curve of an X-ray burst detect from the XRB 4U1728–34 from
Strohmayer et al. (1996). It is characterised by a fast rise of seconds and followed by
an exponential decay that can last from seconds to minutes. )
The burst X-ray spectrum can be well described by a black-body from a spheri-
cal region with radius of about 10 km and peak temperatures kT = 2− 3 keV (e.g.
Strohmayer & Bildsten, 2006). The energy released during this processes is typically
1038−1039 erg and it is expected that over 90 % of the accreted fuel burns into carbon
and heavier elements (e.g. Woosley et al., 2004). Hence, to trigger a subsequent burst
a new layer of fuel must be accumulated on the surface of the star. The burst recur-
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rence time can be regular or irregular on time scales of minutes to days (e.g. Lewin &
van der Klis, 2006a). The recurrence time is observed to be anti-correlated with the
persistent X-ray emission of the source: the greater the persistent flux the shorter the
recurrence time (Galloway et al., 2008).
Thermonuclear runaways also occur on the surface of white dwarfs in classical
novae as briefly mentioned in Sect. 1.3. The process is very similar to the generation
of X-ray bursts, but the bulk of the emission is in the optical regime. An important
difference is that the energy release in a nova is enough to let the material escape from
the system to infinity, whereas it does not occur at a neutron star. Another difference is
the recurrence of the thermonuclear runaways, for type I X-ray bursts much more fre-
quent (hours to days) than the nova explosions (years). A certain critical mass has to
be reached for a thermonuclear runaway to occur. The critical mass decreases rapidly
with the mass of the accreting object (∼ M−7/3), thus the larger the mass the faster it
will reach the critical mass (e.g. Starrfield et al., 1972, 1974). This can be one of the
reasons of the difference observed in the recurrence of thermonuclear explosions in
NSs and WDs. In order to understand the differences between novae and X-ray bursts
more studies are needed. Both novae and X-ray bursts are difficult to observe, because
novae do not occur frequently, and for the detection of X-ray bursts it is necessary to
use high-time resolution X-ray detectors.
1.5. Active Galactic Nuclei
Active galactic nuclei (AGN) are extragalactic sources powered by accretion onto
a supermassive black hole in the center of galaxies. These objects were initially called
quasi-stellar radio sources or quasars, because they emitted radio emission and had
star-like optical counterparts. It was demonstrated by Schmidt (1963) that there were
objects of extragalactic origin and hence very luminous objects in the sky. It is thought
that many if not all galaxies host a supermassive black hole in their centre (Lynden-
Bell, 1969). It was later confirmed that there are massive objects in the centre of
neighbour galaxies, using dynamical models of the stellar orbits in those galaxies and
images from the Hubble Space Telescope (e.g. Magorrian et al., 1998). In our own
Milky Way, measuring the orbits of the stars in the Galactic Centre made it possible
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to apply Kepler’s laws and determine a mass of (4.3±0.4)×106 M concentrated in
only 0.0006 pc (Schödel et al., 2002). This pointed immediately to the existence of a
supermassive black hole in the centre of our Galaxy.
FIGURE 1.9: Schematic illustration of the unification model that explains the current
classification of AGNs with different observational properties. The figure is adapted
from Urry & Padovani (1995).
Thus, AGN have supermassive black holes with masses > 106 M, and have very
high bolometric luminosities Lbol (luminosity across the whole electromagnetic spec-
trum) up to Lbol ≈ 1048ergs−1, which makes them the most powerful non-explosive
sources in the Universe and therefore visible up to very high redshifts (z = 7.5, when
the Universe was 800 Myrs old; Reed et al. e.g. 2017). AGN, like XRBs and CVs emit
over the complete electromagnetic spectrum, but the accretion disc emits most of its
light in the optical/UV regime as the temperature is of the order of ∼ 105 K (Bonning
et al., 2007). Above the accretion disc there is a hot corona of relativistic electrons that
emits similarly to the binary star cases explained in Sections 1.3-1.4. The high-energy
radiation can excite the cold material in the accretion disc and create emission lines,
typically Hα and other Balmer lines. These systems also show relativistic and highly
collimated radio jets presumably launched by the accretion discs (see Romero et al.,
2017, for a review). These jets have a scale of the order of kpc (Alvarez et al., 2000),
thus they can provide feedback by pushing gas out of their galaxies, halting the star
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formation (see King & Pounds, 2015, for a review). These jets are large compared to
the small jets seen in XRBs that are of order of hundreds of AU (Miller-Jones et al.,
2012).
We can distinguish two different types of AGN related to their radio loudness:
radio quiet and radio loud. The latter show strong radio emission both from the
jet and the lobes created by the interaction of the jet with the intergalactic medium
(Bromberg et al., 2011). Among radio-loud AGN, blazars are a subclass characterised
by rapidly variable, polarised radio, X-ray and optical emission. Blazars have a rel-
ativistic jet that points in our line of sight, the emission is enhanced by relativistic
beaming (Schmitt, 1968; Ulrich et al., 1997).
Among the radio-quiet sources we can distinguish two type of Seyfert galaxies
and a low luminosity class known as low-ionization nuclear emission-line regions
(LINERS) (e.g. Heckman, 1980). Seyferts are very luminous objects in the opti-
cal showing also compact X-ray emission and sometimes radio synchrotron emission
coming from a jet. If they show broad optical emission lines (103 kms−1) they are
classified as Seyfert 1. If they only present narrow emission lines, and even forbidden
lines such as [OIII], they are classified as Seyfert 2 (Ulrich et al., 1997).
The difference between the types of AGN observed is explained by the unification
model, which states that they are all similar objects and what it changes is the orien-
tation with respect to the line of sight (see Urry & Padovani, 1995; Padovani et al.,
2017, for a recent review). An illustration of the unification model and the structure
of AGN is shown in Fig. 1.9. Hence, Seyferts 1 show the intrinsic spectrum of the
accretion disc, whilst the Seyferts 2 spectrum is modified by obscuration of a torus
of gas that surrounds the disc at 10−100 pc from the supermassive black hole. This
model also explains the highly variable optical and radio emission from blazars, as
these AGN are seen face on with the jet pointing towards us.
Thus, nowadays the different classes are all under the name of AGN and the word
quasars (QSOs) is used to describe distant AGN that are more luminous than Seyferts
but whose host galaxy is not resolved in the optical. A sample of AGN will be studied
in Chapter 5 of this thesis.
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1.6. Methods: Time series analysis
In this section we review the different timing techniques that have been exten-
sively applied to study the variability properties of accreting objects. The real signals
from an astrophysical object can be hidden by the background noise and in order to
detect weak signals and periodicities in the data, it is better to study the signals in
the frequency domain. If the data is equally sampled we can use the discrete Fourier
transform.
With a Fourier transform we can decompose the signal x(t) into sine waves, so
that at any given frequency νi we can find a set of parameters (a,φ) or (A, B) for a
sinusoid acos(ω t−φ) = Acos(ωi t)+Bsin(ωit) that fits the data. The parameters are
related by a =
√
A2+B2 and tanφ = B/A. So that
x j(t) =
1
N∑j
a jcos(ω jt−φ j) = 1N∑j
(A jcosω jt+B jsinω jt), (1.14)
where N is number of points and the coefficients Ai and Bi can be computed as:
A j =
N
∑
k
(xkcosω jtk) (1.15)
B j =
N
∑
k
(xkcosω jtk), (1.16)
where xk = x(tk)(k = 0,N− 1). We can represent the Fourier transform in complex
numbers, Fourier amplitudes a j ( j =−N/2, ...,N/2−1) and x j is the inverse Fourier
transform of a j:
a j =
N−1
∑
k=0
xke2pi i jk/N j =
−N
2
, ...,
N
2
−1 (1.17)
xk =
1
N
N/2−1
∑
j=−N/2
a je−2pi i jk/N k = 0, ...,N−1. (1.18)
If the astrophysical signal has total length T and the data is evenly sampled with
steps tk = kT/N, the Fourier complex amplitudes are equidistant series, a j, at an angu-
lar frequency ω j = 2piν j = 2pi j/T . The number of measurements N of signal values
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xk equals the number of amplitudes a j. The time resolution is dt = T/N and the
frequency step dν = 1/T . The lowest frequency is 1/T and the highest frequency
also known as the Nyquist frequency, is equal to half of the sampling frequency
νN/2 = 12 N/T . At a−N/2 =∑k xke
−pi ik =∑k xk(−1)k = aN/2. At zero frequency j = 0,
the amplitude equals the total number of photons collected: a0 = ∑k xk ≡ Nph. To
efficiently compute the discrete Fourier transform we used the fast Fourier transform
(FFT), an algorithm described by Press et al. (1992).
To study the variability we need to estimate how the time-series change. For that
we define the variance as:
var(xk) =∑(xk− x)2 = 1N
N/2−1
∑
j=−N/2
|a j|2 (1.19)
We then define the power spectrum, that is the power variability as a function of
temporal frequency (∼ 1/time-scale) as:
Pj =C|a j|2 j = 0, ...,N/2, (1.20)
where C is the normalisation. The most commonly used is the Leahy normalisation
C= 2dt/Nx (Leahy et al., 1983) so that if the time-series follows Poisson statistics the
power of white noise at each frequency would be exactly 2, which is easy to subtract
from the power spectrum. Another frequently used normalisation is C = 2dt/Nx2,
known as the root-mean-square (RMS) normalisation (Miyamoto et al., 1991). It has
the advantage that the integral of the power over a frequency range yields the frac-
tional amplitude of variability r = (rms/x)2, i.e. the normalised variability over the
selected time-scales. This quantity can be used to compare the variability of different
time-series and objects, and that is the reason why it has been used very frequently in
the X-ray binaries.
The power spectra can have different shapes depending on the nature of the stochas-
tic signal. When it is purely flat, so that the power is the same at all frequencies it is
known as white noise. When the power decreases with increasing frequency as 1/ν2
it is known as red noise (see Fig. 1.3). This type of noise, also known as random walk,
is observed when studying accretion discs. It can be described with a simple power-
law, or with a broken power-law if there is a break at lower frequencies. Sometimes it
is possible to detect an excess in power in a narrow range of frequencies, these type of
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signals are the above mentioned QPOs, described also in Sect. 1.2.1. In those cases
the PSDs are modelled with a superposition of Lorentzians (see right figure of MV
Lyr in Fig. 1.3, and Fig. 1.10).
FIGURE 1.10: Example of a PSD from the black hole XRB XTE J1550-564. It
shows a break at low frequencies and at 4 Hz a QPO, it is plotted along with a multi-
Lorentzian model fit in red. Figure extracted from Su et al. (2015).
So far we have only considered time-series that are evenly sampled, but that is
difficult to achieve as we need to observe the target continuously, and in the optical
regime from the ground we are limited by the atmospheric conditions. There are
several approaches to handle time-series with small gaps in the data: the missing
points can be set to zero, interpolated or we could use the nearest neighbour. However,
the results are not always satisfactory and it can artificially increase the power at low
frequencies. In the presence of long data gaps that is even more complicated. For
those cases it is possible to compute the power spectrum using the Lomb-Scargle
routine (Lomb, 1976; Scargle, 1982; Press & Rybicki, 1989). With this method a
discrete data set is approximated by a weighted sum of sinusoids of progressively
chosen frequencies ω using the least squared fitting.
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P(ω) =
1
2σ2
[[
∑ j(x j− x)cosω(t j− τ)
]2
∑ j cos2ω(t j− τ)
+
[
∑ j(x j− x)sinω(t j− τ)
]2
∑ j sin2ω(t j− τ)
]
(1.21)
where τ is the time delay such that the pair of sinusoids are orthogonal at sample times
t j, and σ2 is the variance of the data set.
In order to obtain a reliable power spectrum, it is important to reduce the large
variance in the noise. Generally, to ‘smooth’ the power spectrum we divide the time-
series into M non-overlapping segments of equal duration, and then we compute M
power spectra independently, depending on the case using the Fourier transform or the
Lomb-Scargle periodogram. The final power spectrum is computed as the average of
the M periodograms, and later it is log-binned in frequency (see van der Klis, 1989a,
for a review on the general methods).
1.6.1. Cross-spectrum analysis
If we have two simultaneous time-series in two different wavelengths, in say, the
blue u′ and the red r′ optical bands xu′(t) and xr′(t), we can explore whether the
variations at different wavelengths are correlated or completely anti-correlated. If the
emission is correlated in different bands this may point to a common origin. This can
be done using cross-correlation functions in the time domain, but more information
can be extracted in the frequency domain via de cross-spectrum. For two time-series in
the u′ and the r′ bands, we define the complex cross-spectrum as C( f ) = au( f )∗ar( f ),
where ∗ denotes the complex-conjugate and au,r( f ) denotes the Fourier amplitudes in
the u′ and r′ bands respectively. Now we define the coherence γ2 as:
γ2 =
< |C( f )|>2
|au( f )|2|ar( f )|2 , (1.22)
where au,r are the Fourier amplitudes and < |C( f )|> is the absolute value of the av-
eraged cross-spectrum. A coherence γ2 = 1 indicates that the two light curves are
completely correlated, the phase difference between xu′(t) and xr′(t) are equal. On
the contrary, if the two phases are different the coherence will decrease. If we have
a real physical relationship, then we expect the phase relationship to remain stable as
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we average frequencies together. If γ2 = 0 means that the two series are completely
uncorrelated, which is expected at higher frequencies when the white noise dominates.
If the light curves are correlated, it is interesting the know whether there is a time
delay between the two signals, as it can points to different physical processes in the
system. For that, we define the phase lag as the argument of the average of the cross-
spectra: φ = arg[< C( f ) >]. Accordingly, the time lag is τ = φ/2pi f . The Fourier
time lag can be negative or positive depending on the convention used. For our con-
vention, a negative lag, also called soft lag, implies that the redder photons lag the
bluer photons. More detailed information can be found in Chapter 2 and in Nowak &
Vaughan (1996).
1.7. Data
To study variability and learn more about accretion discs, we have used data col-
lected by both optical and X-ray instruments to explore different types of objects. To
study the physics of accretion discs around white dwarfs, we used optical observa-
tions, since the accretion disc emits mainly in the optical regime. Similarly, accretion
discs around supermassive black holes emit mainly in the optical/UV regime. How-
ever, the accretion discs in X-ray binaries are hotter and emit in X-rays.
In order to explore the rapid variability properties of CVs, we have performed
optical observations with the instrument ULTRACAM, an ultra-fast camera that al-
lowed us to do photometry in three filters simultaneously: u′, r′ and g′ and at very
fast a cadence (see Dhillon et al., 2007). We were interested in photometry of CVs to
explore the rapid variability originating in the accretion disc close to the white dwarf,
thus on very short time-scales. The instrument was mounted on the 4.2-m William
Herschel Telescope in La Palma, Spain and on the 8.2-m Very Large Telescope in La
Silla, Chile.
For the study of AGN, we have used data collected by the re-devised mission Ke-
pler/K2 (Howell et al., 2014). Kepler was mainly designed to detect exoplanets via
the transit method, thus it provides high photometric precision. In 2012 the satellite
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suffered the loss of two reaction wheels. In order to continue with the mission without
the wheels, they use the solar pressure to balance the satellite and be stable enough to
perform observations of distant objects. For that reason, the new mission K2 can only
observe certain fields of the sky for approximately 80 days. It is possible to perform
observations at either 1-minute or 30 min cadence. Nowadays, K2 has explored 20
fields2. The observations used in this work belong to the first four fields observed with
K2.
The X-ray binary GS 0836-429 studied in Chapter 4 was observed in X-rays,
using two instruments onboard the INTerna-tional Gamma Ray Astrophysics Labora-
tory, INTEGRAL) satellite: the INTEGRAL Soft Gamma-Ray Imager ISGRI (Imager
on Board the Integral Satellite: Ubertini et al. (2003) and JEM-X (Joint European X-
ray Monitor; Lund et al. (2003). The first one covers the energy range from 15 keV
to 1 MeV and has a total effective area of 2600cm2 (Lebrun et al., 2003). JEM-X
consists of two identical units with an effective area of about 500cm2 and sensitive
in the 3−35 keV. The observations were taken during the INTEGRAL Core Program
(Gehrels et al., 1997) and some pointings during the Galactic Plane Scan program3.
1.8. This thesis
The aim of this thesis is to explore in the following four chapters the observational
variability properties of several CVs, one XRB with a neutron star and a large sample
of AGN and provide new findings to understand accretion disc physics.
In Chapter 2, we explore the light curves of the DN SS Cygni observed in three fil-
ters simultaneously with ULTRACAM. We derive the variability properties including
the detection of a soft lag, similar to many results on XRBs and AGN. We discuss the
differences with previous results on CVs and propose different scenarios to explain
our findings.
In Chapter 3, we present a detailed analysis of the rms–flux relation on different
classes of CVs on time-scales of seconds. We try to understand the different pro-
2https://keplerscience.arc.nasa.gov/k2-fields.html
3http://gpsiasf.iasf-roma.inaf.it
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cesses that can generate the fast variability and the rms–flux relation in these systems.
For that we use a sample of CVs of different classes, including DN, NLs and IPs,
observed with ULTRACAM.
In Chapter 4, we search for Type I X-ray bursts in the light curves of the XRB Ginga
0836–429. We study their recurrence, their energetics and estimate important param-
eters of the system such as the mass accretion rate and the radius of the neutron star.
In Chapter 5, we present the rapid variability properties of a sample of 250 AGN
observed with Kepler/K2. It is the largest catalogue of AGN observed with K2 ever
analysed. We explore the properties of the whole sample and search for correlations
between the amplitude of variability and parameters of the system such as the redshift
and the bolometric luminosity.
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Fourier time lags in the dwarf nova SS Cygni
Aranzana, E., Scaringi, S., Körding, E., Dhillon, V. & Coppejans, D.
Submitted to Monthly Notices of the Royal Astronomical Society
Abstract
To understand the physical processes governing accretion discs we can
study active galactic nuclei (AGN), X-ray binary systems (XRBs) and
cataclysmic variables (CVs). It has been shown that XRBs and CVs
show similar observational properties such as recurrent outbursts and
aperiodic variability. The latter has been extensively studied for XRBs,
but only recently have direct phenomenological analogies been found be-
tween XRBs and CVs, including the discovery of the rms–flux relation
and the optical detection of Fourier-dependent time-lags. We present a
Fourier analysis of the well-known CV SS Cyg in quiescence based on
data collected at the 4.2–m William Herschel Telescope using ULTRA-
CAM. Light curves in SDSS filters u′, g′ and r′ were taken simultaneously
with sub-second cadence. The high cadence and sensitivity of the cam-
era allow us to study the broad-band noise component of the source in
the time range ≈ 10000−0.5 s (≈ 10−4−2 Hz). Soft/negative lags with
an amplitude ≈ 5 s at a time-scale of ≈ 250 s were observed, indicating
that the emission in the redder bands lags the emission in the bluer bands.
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This effect could be explained by thermal reprocessing of hard photons
in the innermost region of the accretion disc, assuming a high viscosity
parameter α > 0.3, and high irradiation of the disc. Alternatively, it could
be associated to the recombination time-scale on the upper layer of the
accretions disc.
2.1. Introduction
Dwarf novae (DNe) are a subclass of cataclysmic variables (CVs) that consist of
a primary white dwarf accreting material from a secondary low-mass main-sequence
star. The donor overfills its Roche lobe and transfers material onto the compact ob-
ject through the Lagrangian point L1, where an accretion disc is formed to conserve
the angular momentum (Frank et al., 2002). Accretion discs are also a common phe-
nomenon in other systems such as X-ray binaries (XRBs) and Active Galactic Nuclei
(AGN). Despite the differences in size, central engine and mass, they all share many
observational properties. DNe exhibit quasi-periodic outbursts increasing their mag-
nitude up to ∆m = 2−5 with a duration of 2−20 days and a recurrence time varying
from days to tens of years (Lasota, 2001; Warner, 2003; Drake et al., 2014; Coppe-
jans et al., 2016). Outbursts are also a well-known phenomenon observed in XRBs,
lasting from days to months (Lewin et al., 1995; Remillard & McClintock, 2006).
Both XRB and CV outbursts are theoretically explained by a sudden onset of thermal
and/or viscous instability in the accretion discs surrounding compact objects (Shakura
& Sunyaev, 1973; Lasota, 2001). In XRBs it is common to observe radio emission as-
sociated with an out-flowing jet of plasma (e.g. Belloni, 2006; Fender & Gallo, 2014).
It is launched during the transition from quiescence to outburst when the spectral state
changes from a hard spectrum, dominated by the emission of the corona to a soft spec-
trum, dominated by the accretion disc. Similar behaviour has been recently reported
in the CV SS Cyg, where radio emission associated with a spectral state transition was
detected (e.g Körding et al., 2008; Russell et al., 2016; Mooley et al., 2017). Consis-
tent behaviour is seen in other radio-observed CVs (e.g Coppejans et al., 2015, 2016).
Moreover, all accreting objects show variability on a wide range of time-scales and
in a random aperiodic manner or periodic and quasi-periodic variations, e.g. dwarf
nova oscillations and quasi-periodic oscillations (e.g. van der Klis, 1989b; Warner
et al., 2003; Scaringi et al., 2012a). In particular, the aperiodic variability observed
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in all these systems is thought to originate in the accretion disc, created by one or
several physical processes. The origin is still unclear, and for that reason it is crucial
to perform variability studies that can give us insight into the physics governing the
accretion flow, the structure and the evolution of the accretion discs.
In the past decades, there have been many studies concentrating on the variability
properties of XRBs, in light of the existence of dedicated X-ray missions with very
high time-resolution (e.g. Lewin & van der Klis, 2006b). In the case of CVs, the
emission peaks in the optical, thus high-speed optical cameras are required to observe
at fast cadences. Well-sampled and long duration observations are also required to
study these objects as the characteristic time-scales of CVs are of the order of seconds
to days, longer than in XRBs where the time-scales span from milliseconds to hours.
This is explained by the fact that the inner disc radius in an XRB lies at a few gravita-
tional radii from the compact object, whilst in CVs it lies at thousands of gravitational
radii.
The accretion connection between XRBs and CVs is further supported by recent
discoveries. First, the detection of the linear rms–flux relation in a handful of CVs (see
Scaringi et al., 2012b; Van de Sande, 2014), showing that as the source gets brighter
it gets more variable. This observational property has been extensively reported in
many XRBs and AGN (e.g. Uttley & McHardy, 2001; Uttley et al., 2005). Secondly,
the discovery by Scaringi et al. (2015) that CVs follow the scaling relation that con-
nects the black hole XRBs and the AGN, suggests that the physics of accretion is the
same regardless of the nature of the accreting object (see McHardy et al. (2006) and
Körding et al. (2007) for a detailed description of the variability plane). The scaling
relation links the observed break frequency measured in the power spectrum of the
light curve with a characteristic time-scale governed by the mass accretion rate and
the inner disc radius of the object. This time-scale can be associated to the viscous
time-scale because the variability is thought to originate in the disc due to changes
in the local viscosity, as explained by the fluctuation propagation accretion model of
Arévalo & Uttley (2006). According to this model, fluctuations in the local accretion
rate occurring further out in the disc (due to changes in viscosity) propagate inwards
coupling multiplicatively with the fluctuations in the inner parts of the disc. As a result
the variability in the innermost region of the disc is larger than in the outer parts of the
disc. Hence, this model can satisfactorily explain the shape of the power spectra, the
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rms–flux relation and the hard lags observed in XRBs and AGN (Uttley et al., 2011).
The latter is explained by the fact that when the fluctuations propagate inwards on the
viscous time-scale, they pass from cooler (softer photons) to hotter regions (harder
photons) leading to the emission of soft photons before the hard ones.
The detection of soft/negative Fourier time lags in two CVs MV Lyrae and LU
Cam has been reported (e.g. Scaringi et al., 2013). In this case the bluer (harder)
photons arrive earlier than the redder (softer) photons. More recently, similar lag be-
haviour was found in four other CVs using cross-correlation functions (CCFs) (e.g.
Bruch, 2015). In particular SS Cygni seems to show negative/soft time lags of the
order of seconds. Here, we explore the time lags using Fourier techniques extensively
applied in XRBs. Soft time lags have been also detected in many XRBs and AGN but
they arise at higher temporal frequencies than the hard lags. They are thought to rep-
resent the light crossing time from a variable continuum source to the disc. In AGN,
when the variable source illuminates the disc it leads to a soft photo-ionized reflection
spectrum, whilst in XRBs the absorbed photons are reprocessed and re-emitted almost
instantly as thermal radiation. The soft time lag is of the order of 10− 100 seconds
in AGN, whereas in XRBs the delay is of the order of milliseconds. Nonetheless, ac-
cording to Scaringi et al. (2013) the soft lags observed in CVs can not be explained by
the light travel time-scale, because the reflecting region would lie outside the binary
orbit. The authors suggest a different origin associated with the thermal time-scale, so
that the soft lags are produced by thermal reprocessing of high-energy photons in the
accretion disc, or reverse shocks originated close to the compact object. Supporting a
reprocessing scenario, it has been shown that the X-ray binary GRO J1655–40 shows
a lag of 10−20 s between the X-rays and the UV/optical emission. The authors sug-
gested the time-scale of reprocessing to likely be the recombination time-scale (e.g.
Hynes et al., 1998; O’Brien et al., 2002).
In this work we explore the variability properties of the CV SS Cygni in quies-
cence, one of the brightest dwarf novae known. The source has a magnitude of V= 12
in quiescence, it is situated at a distance of 114± 2 pc and has an orbital period of 6.6
hours (Bitner et al., 2007; Miller-Jones et al., 2013). The white dwarf mass is about
0.81 M, the secondary late-type star is ∼ 0.55 M, and the estimated inclination
angle lies in the interval of 45◦ ≤ i ≤ 56◦ (Bitner et al., 2007). The mass accretion
34
2.2 OBSERVATIONS AND DATA ANALYSIS
TABLE 2.1: Observation log of SS Cyg with ULTRACAM.
Date Run Start UTC End UTC Exposure/frame (s) Frames
2013 August 1 1 21 : 56 : 40 05 : 47 : 06 0.2393 117933
2013 August 2 2 00 : 38 : 17 02 : 17 : 26 0.3215 17530
2013 August 2 3 02 : 17 : 28 03 : 56 : 32 0.3215 17515
2013 August 2 4 03 : 56 : 33 05 : 35 : 53 0.3215 17563
rate measured in the optical is M˙ ∼ 3× 1015 gs−1 (Patterson, 1984; Warner, 1987).
It exhibits an outburst every approximately 50 days (Szkody, 1974) during which it
is possible to detect coherent dwarf nova oscillations of 10−30 s and quasi-periodic
oscillations (Pretorius et al., 2006).
The paper is organised as follows: the description of the observations, the data
reduction and the analysis of the light curves are described in Section 2.2. The results
are described in Section 2.3, followed by a discussion in Section 2.4 and a summary
in Section 2.5.
2.2. Observations and data analysis
We observed SS Cygni when it was in quiescence with ULTRACAM (Dhillon
et al., 2007) mounted at the Cassegrain focus of the 4.2–m William Herschel Tele-
scope (WHT) on La Palma. ULTRACAM is a high-speed triple-beam CCD camera
designed to image faint astronomical objects at high temporal resolutions. It enables
the user to observe a target in three optical filters simultaneously with a cadence of
up to 0.0033 s (300 Hz). The instrument consists of three frame-transfer chips e2v
47-20 CCDs of 1024x1024 pixel2 area, providing a 5 arcminute field at a scale of 0.3
arcsecond/pixel. Incident light from the focal plane of the telescope is collimated and
then split by two dichroic beam-splitters into three beams, defined by the SDSS u’
(3543 Å), SDSS g’ (4770 Å) and SDSS r’ (6231 Å) filters. The dead time between
exposures is negligible (25 msec) due to the frame-transfer chips. The read-out speed
was set to fast and no binning was applied. The observations took place on 2013 Au-
gust 1 and 2. In Table 3.1 we show the observing log. The first run is the longest,
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FIGURE 2.1: The two upper panels show the light curves of SS Cygni observed during
two consecutive nights with ULTRACAM in three colours simultaneously: r′, g′ and
u′ . The first night was of ∼ 8 h duration and the second night SS Cyg was observed
during ∼ 5 h divided in three consecutive runs. For comparison with SS Cyg, the
bottom panel shows the light curve of one of the comparison stars TYC 3196-857-1 in
the r′ band the first night, illustrating the lack of variability compared with SS Cygni.
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with a total duration of about 8 h and with the highest cadence of ∼ 0.24 s. During
the second night the cadence had to be reduced in order to maintain a good signal-to-
noise in the poorer conditions and we had to check it in between, as a consequence
of this the data is in three different runs all taken with the same cadence. Flat fields
were taken with the telescope spiralling of the twilight sky before and after the ob-
servations. Six–windowed mode was used for the target, and 5 comparison stars to
perform differential photometry.
The data were reduced using the ULTRACAM pipeline reduction package. Every
science frame was de-biased and then flat-fielded. We used variable-sized apertures
scaled to the seeing for each filter, and we used the normal aperture extraction and
applied moffat profiles. In individual frames of the u’ filter only two comparison stars
were bright enough to extract, while for the r′ and g′ filters we used five. In Fig. 3.1
we present the light curves for the two nights separately in the upper two panels. We
present the normalised counts per cadence of SS Cyg by using the comparison stars
to correct for atmospheric variations. An off-set of ±0.2 counts is added for clarity.
In the lower panel we show the light curve in the r′ band of the comparison star TYC
3196-857-1 with ICRS coordinates α = 21h42m27.1695s and δ = +43◦33′44.601′′
divided by the other comparison stars. Whilst SS Cygni shows strong aperiodic vari-
ability in all three colours, the solar-type comparison star is constant.
2.2.1. Fourier analysis of the light curves
We performed a Fourier analysis of the light curves using timing techniques ex-
tensively applied in the X-rays and described in van der Klis (1989a) and Nowak &
Vaughan (1996). Scaringi et al. (2013) performed a similar analysis as to the one
we describe below when studying the CVs MV Lyr and LU Cam. It is important to
mention that the light curves are evenly sampled in each run, thus we used the Fast
Fourier Transform (FFT). First, we split the light curve into non-overlapping segments
of equal duration and applied the FFT to each individual segment. Here we split each
run into segments of ≈ 48 minutes (∼ 12.000 data points), so that for the first night
we used nine segments and for the second night six segments (hereafter k1 and k2,
respectively). It is important to note that we performed the Fourier analysis for the
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two nights separately because they have different sampling as shown in Table 3.1.
Defining xu,i(t) and xr,i(t) as the light curve segments i in the u′ and the r′ bands, we
computed the FFT to obtain the Fourier amplitudes, Xu,i( f ) and Xr,i( f ). The power
spectra (PSD) were then calculated as Pu,i( f ) = |Xu,i|2 and Pr,i( f ) = |Xr,i|2, respec-
tively. For each night we obtained the power spectrum of each segment independently
and then we averaged them. Later we applied logarithmic binning and derived the
PSD errors for each bin. The uncertainty is calculated as the power divided by the
square root of the number of measurements used in the specific bin, m = k1,2×N,
where N is the number of data points in each bin and k1,2 the number of segments
used in the first or the second night. We applied the rms normalisation described in
Belloni & Hasinger (1990) to the power spectra, so that the square root of the inte-
grated PSD over a frequency range yields the fractional amplitude of variability (see
Fig. 3.3).
Subsequently, we performed a cross spectral analysis for each segment calculated
as Ci( f ) = X∗r,i( f )Xu,i( f ), where X
∗
r,i is the complex conjugate. We averaged all the
cross spectra and log-binned the average (for each night separately) obtaining C( f ).
The phase lag between the two simultaneous light curves, φ( f ), is the argument of
the complex-valued cross spectrum C( f ). The time lag, τ( f ) is computed by dividing
the phase lag φ( f ) by 2pif. Thereafter, we calculated the raw coherence function γ2raw,
which is a measure of the degree of correlation between two simultaneous light curves
in different bands:
γ2raw =
|C( f )|2
Pr( f )Pu( f )
, (2.1)
where Pr( f ) and Pu( f ) are averaged and log-binned. The statistical uncertainty is
δγ2raw = (2/m)1/2(1− γ2raw)/|γraw|. The uncertainty of the phase lag is calculated as:
δφ( f ) =
1√
m
√
1− γ2raw
2γ2raw
, (2.2)
and the error of the time lag is defined as δτ = δφ( f )/2pi f . However, since the
coherence of a real signal will be affected by the noise, every single term in Eq.
2.1 needs to be corrected from counting noise. That is, correcting the powers in the
denominator of the equation by the measured Poisson noise level and then correcting
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FIGURE 2.2: Power spectrum of SS Cyg on the 1st August (upper panel) and 2nd of
August (lower panel). The blue diamonds denote the u′ band, green triangles the g′
band and the red circles the r′ band. The horizontal dashed lines indicate the noise
level for each colour. The power spectra show a time-scale break at 333 s (∼ 3×10−3
Hz) followed by a steep power-law with power law index >−2.0.
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the cross-spectra. The detailed description to compute the intrinsic coherence γ2 and
its error, δγ2 can be found in Eq. 8 of Vaughan & Nowak (1997).
The description given above was only for the r′ & u′ combination. We followed
the same procedure to derive the time lags and the coherence for the other two colour
combinations, r′ & g′ and g′ & u′. As mentioned before, the cross spectral analysis
was performed for the two nights separately, obtaining the raw and the intrinsic co-
herence and the time lags. To improve the reliability of the result we combined the
two nights and computed the phase/time lags and the coherence. For this, we first
created an array containing the unbinned time lag values of the two nights and sorted
them in frequency. Later we applied a logarithmic binning with the condition of a
minimum number of data points per bin, where N > 5. Therefore, each bin contains
a certain number of data points that correspond to the first night N1 and to the second
night N2, so that N1 +N2 > 5. The total number of data points per bin is calculated
as m = k1×N1+ k2×N2. To combine the phase lags of the two nights we proceeded
in the same way. In order to combine the raw and the intrinsic coherence of the two
nights we log-binned all the terms of equation 2.1 and Eq. 8 of Vaughan & Nowak
(1997), in the same manner as we described for the time lags.
2.3. Results
The PSDs of the two nights is shown in Fig. 3.3 in units of (rms/mean)2/Hz. The
power in the u′ band is higher than in the other bands because the variability in this
wavelength is thought to arise from a hotter region, closer to the white dwarf. The
horizontal dashed lines indicate the noise level for each colour. The Poisson noise in
the u′ band clearly dominates above 0.03 Hz. The r′ and the g′ binned PSDs that are
less dominated by Poisson noise can be fit with a bending power-law with the time-
scale break at 333 s (∼ 3× 10−3 Hz) and a high-frequency slope steeper than −2.
Since the Poisson noise dominates in this source, thus at time-scales < 33 s (ν > 0.03
Hz) we cannot extract any meaningful result.
In Fig. 2.3 we present the phase/time lags calculated for all the colour combina-
tions. A tentative soft lag of ∼ 5 s is observed at ≈ 4×10−3 Hz on both nights in the
r′ & u′ and g′ & u′ combinations. This indicates that the redder photons are delayed
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FIGURE 2.3: Upper panel: Time lags observed on the first night. A tentative
soft/negative lag is observed at 4× 10−3 Hz indicating that emission from the blue
bands is emitted earlier than the redder band. Lower panel: Time lags observed during
the second night. In both figures the purple circles denote the r′ & u′ combination,
the green diamonds the g′ & u′ and the orange triangles the r′ & g′ combination. The
shaded region indicates the frequencies that are dominated by Poisson noise.
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FIGURE 2.4: Time lags of both nights combined. The purple circles denote the r′ &
u′ combination, the green diamonds the g′ & u′ and the orange triangles the r′ & g′
combination. A soft/negative lag is observed between the r′ and the u′ band as well
as the g′ and u′ bands, the latter is significant at 4σ . The shaded region indicates the
frequencies that are strongly dominated by Poisson noise in the u′ band.
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with respect to the bluer photons. In the first night the lag is in one bin and in the
second night it appears in several bins at low frequencies. To check whether this is a
significant soft time lag we combined the two nights as described in Sect. 2.2.1 and
we display the result in Fig. 2.4. The negative/soft time lags are present in the g′ &
u′ and r′ & u′ colour combinations at ≈ 4×10−3 Hz, their amplitude is −6.0±1.4 s
and −4.1± 1.7 s respectively. Hence, the soft lags have a 4σ and 2.5σ detection in
these colour combinations. In Fig. 2.5 we show the coherence as a function of fre-
quency (time-scale). The coherence measures the correlation between the time series
observed in two different bands at each frequency, thus 1 is a high correlation and 0
is no correlation (such as Gaussian noise). The coherence is high at the time-scale
where the lag is observed, indicating that the two light curves are well correlated.
There is no soft lag observed between the r′ and the g′ band. This can be tentatively
explained by the fact that in SS Cygni part of the light in the r′ band is coming from
the companion star and not from the accretion disc (see Sect. 2.4 for the discussion).
It is interesting to mention the turnover seen from a soft to a hard lag at 2×10−3 Hz in
the g′ & u′ colour combination. This behaviour is not seen in the other colour combi-
nations. As mentioned before, the Poisson noise dominates at frequencies above 0.03
Hz as indicated in Fig. 3.3 and the raw and intrinsic coherence drops, for that reason
any apparent phase lag at those frequencies is probably not intrinsic. The frequencies
affected by noise are shaded in all the figures. As a test we binned the light curves
every 2 seconds and performed the same analysis to check whether the phase lags at
higher frequencies disappeared. Whilst the time lag at ≈ 4×10−3 Hz still holds after
binning, we observed that the phase lags at ≈ 0.1 Hz were indeed non meaningful.
2.4. Discussion
We report on the detection of Fourier soft time lags in the DN SS Cygni at ≈ 250
s, with an amplitude of ∼ 5 s (≈ 20 cadences) in the g′ & u′ and r′ & u′ colour com-
binations. The soft lag in the r′ & g′ combination is consistent with a zero lag. This
may be possibly explained by the fact that in the r′ band part of the flux comes from
the companion star, so that the variability coming from the disc is partially masked
making difficult the detection of a lag. The secondary star of spectral type K2 V sup-
plies up to 60 % of the flux in the r′ band (6500 Å) according to Martinez-Pais et al.
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FIGURE 2.5: Raw and intrinsic coherence for both nights combined, the same symbols
are used to denote the different colour combinations. The purple circles denote the r′
& u′ combination, the green diamonds the g′ & u′ and the orange triangles the r′ &
g′ combination. The coherence drops at > 0.01 Hz. In both figures the shaded region
indicates the frequencies that are strongly dominated by Poisson noise in the u′ band.
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(e.g. 1994); Harrison et al. (e.g. 2000), whilst in the g′ and u′ band the majority of the
flux comes from the accretion disc around the white dwarf (see Fig. 10 in Harrison
et al. 2000). Soft lags have been frequently observed in the X-rays in other compact
sources such as XRBs and AGN (e.g. Uttley et al., 2014b; De Marco et al., 2015).
In these sources, soft lags have been reported at high frequencies and hard/positive
lags at lower frequencies. The hard lags are explained in the context of the propagat-
ing fluctuations model, where the harder (bluer) photons arrive later than the softer
(redder) photons. The soft lags are thought to represent the light travel time from the
corona to the disc, so that the reflected redder photons arrive later than the bluer ones.
In the context of an XRB the disc briefly reprocesses the hot photons generated at
the corona and re-emits them almost instantly (De Marco & Ponti, 2016). Fig. 2.4
shows a turnover from soft to hard lags at low frequencies as observed in some AGN
and XRBs, but only in the g′ & u′ colour combination. A tentative positive/hard lag
is observed in two consecutive bins, thus it might be significant even if the errors in
each bin are larger than those measured for the soft lags.
2.4.1. Effects on the measured lags
Certain effects could alter the amplitude of the lag observed at low frequencies.
Firstly, the red noise leakage is known to distort the PSD estimates and the phase lags
(e.g. van der Klis, 1989b; Uttley et al., 2002a). The red noise leakage occurs because
of the finite length of the time series. As a result, power from lower frequencies can
leak into higher frequencies affecting the variability properties. The effect has been
carefully studied by Alston et al. (2013) using simulations of light curves. They show
how the leakage can distort the power spectrum and the cross spectrum leading to a
bias on the phase lag and the time lag. The amplitude of the soft lag can be reduced
up to 50 %. For a phase spectrum that changes rapidly with frequency the bias on the
measurement of the lag will be larger. Whereas, in a smooth phase spectrum the bias
should be small.
Second, it has been shown in black hole XRBs and AGN that dilution can have
a dramatic effect on the amplitude of the observed lags. The measured lags are a
weighted contribution of different spectral components, the disc, the driving power-
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law continuum and the reflection (e.g. Kara et al., 2013; Cackett et al., 2013; De
Marco & Ponti, 2016). This mixing of variable components in the different colour
bands would reduce the measured lag. In recent studies on XRBs and AGN, the am-
plitude of the intrinsic lag was expected to be 2 times larger than the measured lag.
Moreover, according to Kara et al. (2013), a low coherence can be an indication of the
mixing of components. In the case studied here, the raw coherence is high but it is not
exactly 1 at lower frequencies as one would expect. This might suggest that there is a
contribution from different components in each optical band: the reprocessed photons,
the intrinsic photons from the disc plus the hotter photons generated in the boundary
layer or corona. This effect is extremely difficult to account for in CVs because the
relative strength of the different variable components is unknown. Generally, in XRBs
and AGN the X-ray spectrum of the source can be obtained so that the lags produced
by the different emitting components can be simulated (see Kara et al., 2013, for a
detailed explanation of this method).
The fluxes measured in different optical filters might additionally come from dif-
ferent regions in the disc, and from different optical depths and even levels of exci-
tation. For example, SS Cyg in quiescence shows strong emission lines and the u′
bandpass measures the Balmer continuum in contrast to the other bands (Kiplinger,
1979). Moreover, it has been shown that in some CVs there is a optical lag between
the line emission and the continuum (e.g. Welsh et al., 1998). This illustrates how
complex the interpretation of the optical time lags in CVs can be. In the following
sections we will discuss speculative physical scenarios to explain the negative/soft
lags reported here in SS Cygni and investigate the relevant time-scales that might play
a role. We will further discuss how the soft lags presented in this work relate to the
recent detections of lags in other CVs.
2.4.2. Geometrical interpretation
The time-scale of 4.2 min where the lag appears can be associated with the dy-
namical time-scale of the disc at a radius of ∼ 10RWD. For a system like SS Cyg with
a large orbital period of 6.6 h, the disc is expected to be quite large; in particular the
circularisation radius where the material starts to follow Keplerian orbits is expected
to be at 30RWD. The reason why the lag appears on that time-scale is still puzzling,
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FIGURE 2.6: Cartoon showing the reprocessing of high-energy photons generated in
the boundary layer in the accretion disc. The bluer photons are reprocessed closer to
the inner edge of the disc and re-emitted faster so that the redder photons arrive with a
delay of seconds.
but we can speculate that this might be a region where the disc becomes optically thin.
To explain the observed amplitude of 4− 6 s, we could potentially associate it
with the light travel time and instant reprocessing of photons like in XRBs. However,
the reflecting region would lie between 2.5− 3R and this region is outside the ac-
cretion disc, since the semi-major axis of the orbit of SS Cyg is 1.95R, ∼ 4.5 light
seconds (calculated using the binary parameters derived in Bitner et al. 2007). Similar
conclusions were drawn by Scaringi et al. (2013); the soft lags observed in LU Cam
could not be explained by the light travel time because the emitting region would
lie outside of the disc. In the case of CVs, the accretion disc is much cooler than
discs in XRBs, and this can be translated into a much longer reprocessing time for the
CVs. We can propose two different toy models to explain the reprocessing of photons.
Thermal time-scale
If the reprocessing occurs on a thermal time-scale, as proposed by Scaringi et al.
(2013), we need sufficient irradiation to alter the local thermal equilibrium on the
surface of the disc. The thermal time-scale is:
tth =
tφ
α
=
1
α
(
GMWD
R3
)−1/2
, (2.3)
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where α is the viscosity parameter and R is the disc radius (Shakura & Sunyaev,
1973). If the conditions are such that the energy balance of a specific area in the disc
changes due to irradiation of high energy photons, the time-scale for re-adjustment
to thermal equilibrium can be associated with the amplitude of the lag. If we asso-
ciate the observed 5 s lag with the thermal time-scale and use the estimated mass
MWD = 0.81M derived in Bitner et al. (2007), this would place the reprocessing
region between 0.01− 0.02R for 0.3 < α < 0.7. This region is at the inner-most
edge of the accretion disc, very close to the WD surface. Hence, for viscosity param-
eters α > 0.3 the soft lags of SS Cyg could potentially be explained by the thermal
time-scale, so that the higher energy photons are reprocessed very close to the WD
and re-emitted after ∼ 5 s (for a toy model of this process see Fig. 2.6). However,
values of α > 0.3 are higher than those predicted for a DN in quiescence, such as
SS Cygni at the time of the observations. Conversely, in quiescence α is expected
to be ≈ 0.02, and it can increase by up to one order of magnitude during outburst
(Frank et al., 2002). Lower values of the viscosity parameter would then place the
reprocessing region too close to the white dwarf, so that the soft lags could not be
associated with a thermal time-scale. Nevertheless, there have been claims of a higher
viscosity parameter obtained using the flickering mapping technique on V2051 Oph
of αquiesc = 0.1−0.2 (e.g. Baptista & Bortoletto, 2004). Furthermore, for the CV HT
Cas a value of αquiesc = 0.3− 0.5 was reported (e.g. Baptista et al., 2011; Scaringi,
2014). Furthermore, if the effects of the red noise leakage or the dilution are indeed
important, the amplitude of the real lag should be slightly larger. Hence, thermal re-
processing of photons in the disc can be a tentative explanation for the observed soft
lags in SS Cyg, but only under conditions of high irradiation and high viscosity.
Recombination time-scale
Another relevant time-scale that can play an important role in the reprocessing
of photons is the recombination time-scale. The recombination time-scale is: trec ∼
(neαrec)−1 seconds (O’Brien et al., 2002), where ne is the electron density, typically
ne ∼ 1013 cm−3 at the mid-plane of the accretion disc in CVs (e.g. Warner, 2003),
and αrec is the recombination coefficient. According to Hummer & Seaton (1963) the
recombination coefficient can be roughly estimated using this analytical expression:
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αB = 1.627×10−13t−1/2e (1−1.657log10te+0.584t1/3e ), (2.4)
where te = 10−4Te, and Te is the temperature of the disc. For a temperature of Te∼ 104
K αrec = 2.5×10−13 cm3s−1. This yields a recombination time-scale of 0.4 s, smaller
than the amplitude of the lag reported here. However, if the recombination occurs in
the upper layers of the disc where the density is lower, the recombination time-scale
can be adequate to explain the amplitude of the lag seen. At a vertical distance of
2H, where H is the scale height of the disc, the density is 10 times lower, this will
mean a 4 s lag. This time-scale has been considered to explain the time lag observed
in XRBs between the optical/UV and the X-ray emission (e.g. Hynes et al., 1998).
The high energy photons irradiate the disc and are reprocessed and re-emitted in the
optical wavelengths in the outer parts of the disc.
2.4.3. Comparison with previous detections of soft time lags in CVs
Soft/negative lags in SS Cyg were reported by Bruch (2015) with a similar am-
plitude to those observed here. The authors used cross-correlation functions as they
consider it more sensitive to detect lags at low frequencies. For comparison we have
computed the cross-correlations and found similar soft lags. In this work we used
advanced Fourier analysis because it enables us to measure the time lags produced at
different time-scales. Thus, in the frequency domain we could detect hard and soft
lags as observed in XRBs and AGN. Similar soft lags were also reported for the CVs
V603 Aql, TT Ari and RS Oph by Bruch (2015). In addition, Fourier soft lags have
been reported in Scaringi et al. (2013). Thus, with the detection of the soft time lags
in SS Cyg there are now three CVs showing Fourier soft time lags, and including the
lags detected using the CCFs there are six CVs. The amplitude of the lags found here
are similar to the soft lags of MV Lyr and LU Cam, with time delays of ∼ 3 seconds
and ∼ 10 seconds respectively. Moreover, the SS Cygni lags are present at a similar
time-scale, ≈ 250 s to the soft lags in LU Cam and MV Lyr.
Given the similarities observed between the soft lags of these three CVs, we be-
lieve that the same physical process is creating the negative lags. In Scaringi et al.
(2013) the lags were explained by thermal reprocessing of photons for high values of
viscosity α = 0.7. In addition, they discuss a different origin also associated with the
thermal time-scale but from reverse shocks within the accretion disc. The difference
49
CHAPTER 2 : FOURIER TIME LAGS IN THE DWARF NOVA SS CYGNI
seen in amplitude of the lags for these CVs cannot be explained by the different es-
timated masses of the white dwarfs, but accurate masses are difficult to obtain. The
difference cannot be associated to other parameters of the system such as the orbital
period. The orbital period of MV Lyr is 3.19 h (Skillman et al., 1995), for LU Cam
3.6 h (Sheets et al., 2007) and for SS Cyg 6.6 h. Even though the latter is much larger
than the other orbital periods, the amplitude of the lag in SS Cyg is slightly shorter
than the one in LU Cam.
Further investigation of other CVs is required to confirm the presence of soft lags
in other sources. With a larger sample it would be possible to search for a correlation
of the lags with the system parameters, helping us to understand the physical pro-
cesses occurring in the accretion discs around white dwarfs. It is equally important
to explore whether the lags change sign to positive/hard lags at lower frequencies as
observed in XRBs and AGN. For this purpose it would be necessary to monitor the
source for a longer time to reach the lower frequencies. Therefore, in order to detect
hard lags in CVs, optical instruments in space with the ability to observe in differ-
ent optical filters simultaneously are required. With PLATO it would be possible to
observe in a red and a blue filters simultaneously1. This goal is difficult to achieve
using ground-based telescopes, as we cannot observe these sources continuously for
many hours. It could be possible to use Las Cumbres Observatory as it will enable
us to observe continuously for longer time using the telescopes located in different
countries in the world.
2.5. Summary
In this work we have performed observations of SS Cygni with ULTRACAM, en-
abling us to observe it in three filters simultaneously at very high temporal resolution.
We have analysed the light curves in the Fourier domain and derived the power spec-
tra, coherence and phase and time lags. We find significant lags of∼ 5 s in the g′ & u′
and r′ & u′ colour combinations at a time-scale of≈ 250 s (≈ 4×10−3 Hz). This con-
firms the existence of soft lags in SS Cyg suggested by Bruch (2015). The amplitude
1http://sci.esa.int/plato/59252-plato-definition-study-report-red-book/
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of the lags as well as the time-scale where they were observed are consistent with the
lags observed in other CVs such as LU Cam and MV Lyr. We propose that the na-
ture of the soft lags could be explained by the reprocessing of higher energy photons
coming from the boundary layer in the accretion disc. We considered two different
physical processes that could produce the observed amplitude of the lag, namely a
thermal re-adjustment of the disc on a thermal time-scale and the recombination of
the ionised gas in the disc. The first possibility requires sufficient irradiation and also
a high viscosity parameter α > 0.3. In this case the reprocessing region would be at
a radius of 0.01− 0.02R. Such high values of α are not expected for a DN in qui-
escence. The recombination time-scale on the surface of the disc where the density
is lower can also explain the amplitude of the lag reported here. Furthermore, apart
from these geometrical scenarios to explain the soft lags, it is important to remark
that the difference between the flux in the u′ and the g′ band is not only bluer versus
redder, and then hotter versus colder, it is also probing different optical depths and ex-
citation. The study of Fourier time lags can give insights into the physical processes
in accretion discs and help us to constrain important parameters of these accreting
systems.
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Abstract
We performed a detailed study on the rms–flux relation on short time-
scales from a sample of 12 cataclysmic variables (CVs). Time-series
analysis was performed on data collected with the ultra-fast camera UL-
TRACAM on the WHT and the VLT at cadences up to 25 Hz. The sample
contains non-magnetic dwarf novae and nova-like variables and magnetic
intermediate polars. The power spectra show breaks at ∼ 10−3 Hz and
a power-law index of −2, similar to that observed in other CVs and X-
ray binaries. Many systems appear to display the linear rms–flux relation
on time-scales of order of seconds. The strict linearity is not always
found, we discuss a number of different explanations in the text. Claim-
ing non-linear rms–flux relations would have important implications for
the current models of variability, e.g the propagating fluctuation accre-
tion model. One possibility to explain the deviations from linearity could
be the non-stationary nature of the light curves on the fast time-scales
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explored. For that reason further studies on fast variability of CVs are
needed to confirm the ubiquity of the linear rms–flux relation in all time-
scales for all accreting compact systems.
3.1. Introduction
Cataclysmic variables are close binary systems that consist of a white dwarf (WD)
that accretes gas from a main-sequence secondary star (Warner, 2003). They are clas-
sified depending on the magnetic field strength of the accreting WD. Among the non-
magnetic CVs, there are dwarf novae (DN) and nova-like variable stars (NLs). DNe
in quiescence accrete at rates of 10−10 M yr−1, alternating with periods of outbursts
where the accretion rate is higher. Their brightness in the V band can increase from 2
up to 6 magnitudes (e.g. Warner, 2003; Drake et al., 2014). Systems accreting at the
equivalent mass accretion rate of DNe in outbursts or even higher are known as NLs.
If the magnetic field strength of the WD is B∼ 106 G, the accretion disc is truncated
at the magnetospheric, or Alfvén radius, and the material is funnelled to the poles of
the WD. These systems are known as intermediate polars IPs. If the magnetic field
is even stronger (B > 107 G), these systems are known as polars. Due to the strong
magnetic field the accretion disc is not able to form and the material is directly chan-
nelled to the poles of the magnetised WD (Warner, 2003)
Accretion discs are also common in X-ray binaries (XRBs, consisting of an ac-
creting neutron star or black hole) and also around supermassive black holes in active
galactic nuclei (AGN). They present many observational similarities with CVs, de-
spite the different masses and nature of the central objects. X-ray binaries also exhibit
outbursts (Lewin et al., 1995). Both XRBs and CVs outbursts can be theoretically
explained by a thermal and/or viscous instability in the accretion disc (Osaki, 1974;
Lasota, 2001). Additionally, both CVs and XRBs may have spectral state transitions
and presumably also AGN go through similar transitions (Körding et al., 2006, 2008).
Furthermore, the presence of radio jets in XRBs and AGN has been associated to spec-
tral states transitions and only recently, the detection of radio emission from CVs in
hard and hard-intermediate spectral states has been also reported (e.g. Körding et al.,
2008; Miller-Jones et al., 2010; Coppejans et al., 2015). These striking similarities
encourage the study of accretion discs around white dwarfs to better understand the
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underlying physical processes and dynamics governing the accretion flow in systems
where the relativistic effects are not important.
All accreting compact systems show brightness variations, that can be aperiodic
or periodic, e.g. the quasi-periodic oscillations (QPOs) or the dwarf nova oscillations
observed in CVs (Psaltis et al., 1999; Pretorius et al., 2006; Warner et al., 2003).
In particular the aperiodic broad-band component, commonly known as flickering, is
thought to originate in the accretion disc. The aperiodic variability is observed on very
different time-scales and energies depending on the nature of the compact object. In
XRBs the material can go deep into the gravitational potential well and can reach a
few gravitational radii rg (= GM/c2), thus they emit mostly in X-rays and the time-
scales involved span from milliseconds to minutes (van der Klis, 1995). In CVs, the
mass of the white dwarf is between 0.6− 1.2M (Zorotovic et al., 2011). Hence,
the innermost edge of the disc lies at a few thousands of gravitational radii from the
white dwarf. Accordingly, the aperiodic variability is observed over time-scales of
seconds up to hours and CVs are weak in X-rays and most of their light is emitted in
the optical/UV domain.
Uttley & McHardy (2001) found a linear relation between the root-mean-square
amplitude (rms) variability and the X-ray flux in XRBs and AGN suggesting a com-
mon physical origin for aperiodic variability. This statistical relation holds for a wide
range of time-scales from seconds to years implying that it is a fundamental property
of the variability process (e.g. Gleissner et al., 2004). The linear rms–flux relation in
combination with a log-normal distribution of fluxes indicate that the variability pro-
cess must be multiplicative, with coupled variations on a wide range of time-scales
(Uttley et al., 2005, 2017). The aperiodic variability properties are currently explained
by the propagating fluctuation accretion model (Lyubarskii, 1997; Arévalo & Uttley,
2006; Scaringi, 2014). This model not only satisfactorily explains the linear rms–flux
relation, but also the PSD shape and the detection of hard lags in XRBs and AGN.
The fluctuations at different radii are thought to propagate inwards on the viscous
time-scale so that in the inner regions the observed variability is then the product of
the fluctuations occurring in the outer parts of the disc. The discovery of the first cat-
aclysmic variable showing the linear rms–flux relation on time-scales of minutes has
been reported (Scaringi et al., 2012b).
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Star Type Porb (h) Telescope Date UT Cadence (Hz) Reference
SS Cyg DN 6.603 WHT 2003-11-11 19:26 – 22:25 16 Friend et al. (1990)
MU Cen DN 8.208 VLT 2005-05-22 04:48 – 05:45 10 Friend et al. (1990)
KR Aur NL 3.907 WHT 2003-11-12 02:22 – 05:18 18 Shafter (1983)
RW Tri NL 5.565 WHT 2003-11-12 22:47 – 02:12 16 Robinson et al. (1991)
HQ Mon NL 7.584 WHT 2003-11-13 02:31 – 03:28 16 -
BZ Cam NL 3.689 WHT 2003-11-13 03:43 – 06:45 16 Patterson et al. (1996)
CM Del NL 3.888 VLT 2005-05-22 05:52 – 07:00 18 Shafter (1985)
V345 Pav NL 4.754 VLT 2005-05-18 05:52 – 10:35 25 Buckley et al. (1992)
UU Aqr NL 3.926 VLT 2005-05-20 08:10 – 10:24 20 Baptista et al. (1994)
V592 Cas NL/IP 2.762 WHT 2003-11-11 22:55 – 01:48 18 Taylor et al. (1998)
LS Peg NL/IP 4.195 WHT 2003-11-12 19:25 – 22:24 16 Taylor et al. (1999)
FO Aqr NL/IP 4.849 VLT 2005-05-22 07:09 – 09:59 20 Hellier et al. (1989)
TABLE 3.1: Observation log of the 12 CV with ULTRACAM in WHT and VLT at different cadences. The types of CVs are
taken from Ritter and Kolb Catalogue (Ritter & Kolb, 2003), being DN = dwarf novae, NL = Nova-like and IP = intermediate
polar.
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More recently, two more CVs showing the linear rms relation have been reported,
including a nova-like and a dwarf nova in quiescence (Van de Sande et al., 2015).
However, the detection of soft lags where lower energy photons lag the high energy
photons in the CV MV Lyr and LU Cam (Scaringi et al., 2013), also observed in some
XRBs and AGN, is not well explained by the propagating fluctuation model.
Uttley & McHardy (2001) found a linear relation between the root-mean-square
amplitude (rms) variability and the X-ray flux in XRBs and AGN suggesting a com-
mon physical origin for aperiodic variability. This statistical relation holds for a wide
range of time-scales from seconds to years implying that it is a fundamental property
of the variability process (e.g. Gleissner et al., 2004). The linear rms–flux relation in
combination with a log-normal distribution of fluxes indicate that the variability pro-
cess must be multiplicative, with coupled variations on a wide range of time-scales
(Uttley et al., 2005, 2017). The aperiodic variability properties are currently explained
by the propagating fluctuation accretion model (Lyubarskii, 1997; Arévalo & Uttley,
2006; Scaringi, 2014). This model not only satisfactorily explains the linear rms–flux
relation, but also the PSD shape and the detection of hard lags in XRBs and AGN.
The fluctuations at different radii are thought to propagate inwards on the viscous
time-scale so that in the inner regions the observed variability is then the product of
the fluctuations occurring in the outer parts of the disc. The discovery of the first
cataclysmic variable showing the linear rms–flux relation on time-scales of minutes
has been reported (Scaringi et al., 2012b). More recently, two more CVs showing
the linear rms relation have been reported, including a nova-like and a dwarf nova in
quiescence (Van de Sande et al., 2015). However, the detection of soft lags where
lower energy photons lag the high energy photons in the CV MV Lyr and LU Cam
(Scaringi et al., 2013), also observed in some XRBs and AGN, is not well explained
by the propagating fluctuation model.
Here we explore for the first time the optical aperiodic variability on time-scales of
seconds in different filters, using observations performed with ULTRACAM at high
cadences. The broad sample of CVs includes 2 DNe in quiescence, 3 IP, and 7 NLs.
Throughout this paper we examine whether the linear rms–flux relation is indeed a
common observational property in all subclasses of CVs in the high frequency do-
main, and we compare to the variability properties of XRBs and AGN. In section 2
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we describe the observations and the data analysis and the results are presented in
section 3. There follows a discussion and a summary in section 4 and 5 respectively.
3.2. Observations
The data were collected with the ULTRACAM instrument (Dhillon et al., 2007)
mounted on the 4.2–m William Herschel Telescope (WHT) on La Palma, Spain and at
the 8.2–m Very Large Telescope (VLT) in Chile. ULTRACAM is a high speed triple
beam CCD camera designed to image faint astronomical objects at high temporal res-
olutions (up to 300 Hz). The instrument consists of three E2V 47-20 frame-transfer
CCDs with 1024x1024 pixels, providing a 5 arc-minute field of view on the WHT
(with a 0.3”/pixel plate scale) and a 2.7′ field of view on the VLT (with a 0.16”/pixel
plate scale). Incident light from the focal plane of the telescope is collimated and then
split by two dichroic beam splitters into three beams, ‘red’, ‘green’ and ‘blue’ chan-
nels.
In this work each beam corresponds to the SDSS u’ (3543 Å) filter, SDSS g’ (4770
Å) and SDSS r’ (6231 Å) respectively. The dead time between exposures is negligi-
ble (24 ms) due to the frame-transfer chips. The read-out speed was set to fast and no
binning was applied. The observations took place at the WHT in November 2003 and
at the VLT in May 2005 (see the Table 3.1). Observations of 12 different CVs were
performed, including DN in quiescence, NL and also IP types with cadences from
10 up to 25 Hz (see Barros, 2008, for further details about the observations and data
reduction).
The data were reduced using ULTRACAM pipeline reduction package. Every
science frame was debiased and then flat-fielded, the aperture photometry was set to
variable for each star and each filter, so that the aperture radii are adjusted by profile
fitting to match the variable seeing (see manual Marsh, 2006). For each case the
aperture radius that maximised the signal-to-noise ratio was chosen. The final light
curve was also cleaned from cosmic rays, seen as sharp peaks in the light curve. For
each filter and each star no more than 10 out of ∼ 100000 points were discarded due
to cosmic rays.
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FIGURE 3.1: Light curve of the intermediate polar FO Aqr showing the intrinsic variability of the system. Data collected
with the VLT at 20 Hz cadence in the u′, r′ and g′ colours. The same colors have been used in the light curve to indicate the
different filters. The red and blue light curve have been shifted up and down 0.5 counts for visual purposes.
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A good set of comparison stars in the field of view was important to calibrate
the target flux well, since it enabled us to correct for transparency variations. The at-
mospheric turbulence could introduce extra power to the intrinsic power of the source.
3.3. Methods
In order to obtain the power spectral densities (PSDs), we followed a similar
method that has been extensively applied in X-ray variability studies on X-ray binaries
and AGN (see van der Klis, 1989b). This technique generally consists of splitting the
light curve into non-overlapping segments of equal duration and compute the power
spectra to each individual segment. The estimated PSD is calculated by averaging the
individual PSDs and subtracting the white noise dominating at high frequencies. The
white noise is flat and it is a pure stationary process, indicating that the time series is
uncorrelated on all time-scales. By subtracting the white noise we are assuming that
the noise at lower frequencies remains white and that there is no high frequency white
noise component from the source itself.
The light curves obtained here contain small data gaps, for that reason we com-
puted the power spectra using the Lomb-Scargle routine (e.g. Lomb, 1976; Scargle,
1982; Townsend, 2010). Thus, we split each light curve in segments of∼ 50 minutes,
computed the Lomb-Scargle periodogram for every segment independently. As an
example we show the PSDs for each segment in Fig. 3.2, computed for the r′ band
light curve of SS Cygni. Then the PSD segments were averaged because the shape
of the power spectra does not change during the observation. The error bars are large
(>50 %) because there are not enough data points per bin, and they are not displayed
in this figure to avoid crowdedness.
We normalised the averaged PSD so that the power spectrum is in units of the
squared fractional root-mean-square variability (rms/mean)2Hz−1. This is known as
the Miyamoto normalisation (Miyamoto et al., 1991) that has been extensively applied
in other variability studies. This normalisation has the advantage that it allows us
to compare the variability of different targets, since the normalised PSD does not
depend on the number of data points, sampling frequency or the mean brightness
of the sources. To normalise the power spectral densities obtained with the Lomb-
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FIGURE 3.2: PSDs of SS Cygni for the six segments. The power spectra do not change
during the observation.
Scargle method:
Pnorm(ν) = C×P(ν) ,C = 2×dt/µ2, (3.1)
being dt the sampling rate and µ the mean flux of the total light curve.
3.3.1. Fitting the white noise
Determining the right level of the white noise is important to obtain the intrinsic
PSDs, but also to calculate the rms–flux relations (see Section 3.3.2). It is known that
PSDs can be affected by red-noise leakage due to the finite length of the time series
(e.g. van der Klis, 1997). The effect is that power from lower frequencies can leak into
higher frequencies artificially increasing the power. Thus, if we simply fit the PSD
and obtain the Poisson noise level, it will be larger than the intrinsic level. In order
to account for this effect and retrieve the accurate noise level, we can use the method
described in Uttley et al. (2002b). This method consists of generating many fake light
curves that are much longer that the original ones with known power spectral models
(see Timmer & Koenig, 1995, for a method to simulate red-noise light curves). The
power spectral model that minimises the statistic χ2dist is the best model to describe the
data:
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(a) SS Cyg
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(b) KR Aur
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(c) FO Aqr
FIGURE 3.3: Power spectral densities of 3 CVs obtained in every filter, where red
diamonds correspond to the r’ band, green filled circles is the g’ band and the u’ band
is represented in blue squares. These are the PSDs of three different subclasses of CVs,
from top to bottom a DN, a NL and an IP. The vertical black dashed line indicates the
time-scale in which we computed the rms–flux relation.
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χ2dist =
N
∑
i=1
(Pmod,i−Pobs)2
δP2mod,i
, (3.2)
where Pmod,i is the power spectral model, Pobs is the observed PSD and δPmod,i is
the error on the model power spectrum. We refer to Uttley et al. (2002b) and Aran-
zana et al. (2018) for a detailed description of this method. The PSDs in this work
show breaks at lower frequencies, but using a broken power-law model to generate
that many light curves with high sampling is computationally expensive and we are
mostly interested in the Poisson noise level. Therefore, the lower bins of the observed
PSD were discarded to avoid the frequency break, and we created fake light curves
generated from power-law models. The simulated light curves are 50 times longer
than the original ones. This procedure was executed for different power-law models,
e.g. different power-law indices in a range from −1.0 to −3.5 in steps of 0.1, to find
the model that best fits the observed power spectrum. We ran the simulations for all
the observed light curves obtained with different filters u′, g′ and r′. The power-law
index β with the highest acceptance probability is the best match for the observed
power spectrum. Thus, the parameters that fit each observed PSD, the power-law in-
dex and the Poisson noise level necessary to compute the rms–flux relations, were
obtained. The observed PSDs are all described by a power-law model with a power-
law index of ∼−2.
In order to obtain the intrinsic PSD we subtracted the derived noise level. Then a
logarithmic binning was applied to improve the reliability of the result. The number
of points per bin varies from 3 at the lowest frequency bin up to ∼ 104 in the highest
frequency bin. The intrinsic PSDs were computed to determine the fractional ampli-
tude of variability.
3.3.2. Calculation of the rms–flux relations
The rms–flux relation for every colour were obtained by calculating the root-
mean-square (rms) and the mean flux for every 5 seconds directly from the light curve,
and avoiding the presence of data gaps. The data was binned in flux as described in
Scaringi et al. 2012. The intrinsic rms from the source on that time-scale is recovered
by subtracting the Poisson noise. The noise level obtained in the previous section is in
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Star Fractional rms r’(%) Fractional rms g’(%) Fractional rms u’(%)
SS Cyg 2.6 4.2 6.9
MU Cen 2.0 3.3 7.1
KR Aur 9.3 10.6 15.2
RW Tri 1.5 1.6 2.7
HQ Mon 0.6 0.5 1.1
BZ Cam 3.8 4.3 7.4
CM Del 2.3 2.5 6.3
V345 Pav 1.0 1.5 4.2
UU Aqr 5.3 6.1 8.9
V592 Cas 4.2 4.4 5.9
LS Peg 6.3 6.9 10.3
FO Aqr 5.4 5.9 7.9
TABLE 3.2: Fractional rms of the 12 CV in the three SDSS colours, obtained from the
intrinsic PSDs in the 0.01 - 0.1 Hz range.
units of (rms/mean)2Hz−1. We retrieved the correct white noise level following the
prescription described in Gleissner et al. (2004) so that:
σPoiss =
√
Pnoise.∆ f Fbin, (3.3)
where Pnoise is the noise level estimated in the previous section, ∆ f is the frequency
range of the PSD and Fbin is the flux measured in each bin. Finally, the intrinsic rms
is calculated as:
σint =
√
σ2−σ2Poiss. (3.4)
The uncertainties for the intrinsic rms were computed following Poisson statistics.
Therefore, the error is the standard deviation in each bin, divided by the square-root
of the number of data points used to compute the rms. We note here that these errors
are lower limits, according to Heil et al. (2012) (see Sect. 3.5.3).
In order to test whether the linear relation holds for a sufficiently broad range of
time-scales, we repeated this procedure for shorter and longer time-scales than five
seconds, in the range from 1 up to 60 seconds. Furthermore, we explored how the
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gradient and the intercept changes with different time-scales for every source.
3.4. Results
Most of the power spectral densities show breaks at a characteristic frequency
∼ 10−3 Hz. A sub-sample containing only NLs was studied by Scaringi et al. (see
2015), where they also report breaks at a similar frequency as observed here. The
power spectral densities are consistent with a power-law with an index of ∼ −2 up to
approximately a frequency of 0.1 Hz, where it flattens because the white noise starts
to dominate. HQ Mon and V345 Pav distinctly exhibit lower variability and the white
noise starts to dominate at a lower frequency (> 0.1 Hz) compared to other sources
(see Fig. 3.8a). Among all the systems, the CVs LS Peg and FO Aqr that contain
weakly magnetised white dwarfs also show a break at the same frequency as the NLs
and the DNe. Their PSDs exhibit also peak around 4× 10−3 Hz in all the colours,
this can be associated with a periodicity of about 4 minutes. The estimated values of
the spin periods of FO Aqr and LS Peg are 20.9 and 29.6 min respectively, too long to
account for the observed periodicity (Norton et al., 2004). It can be associated instead
with a quasi-periodic oscillation of ∼ 250 s with a period consistent with previous
QPOs detected in other sources (Pretorius et al., 2006), but their detailed study is be-
yond the scope of this paper.
In addition, we computed the total fractional rms for each source in each filter by
calculating the square root of the integrated intrinsic PSD over a specific frequency
range. This dimensionless quantity describes the amplitude of the variations expressed
as a fraction of average flux in a percentage. We chose the frequency range 10−2−
10−1 Hz to compare the variability of all CVs in our sample, knowing that some
sources show extra power at lower frequencies, probably associated with a periodicity.
We excluded also frequencies above 10−1 Hz, because above that value the white
noise can strongly dominate in some observations. The total fractional rms in the u′
band is higher than in r′ and g′ (see Table 3.2, see also tables 6.5-6.7 in Barros 2008).
The u′ band can probe the disc further in if the angles are favourable, thus where the
fluctuations are larger. HQ Mon exhibits the lowest fractional rms in the u′ band with
1.1 %, whereas KR Aur shows the highest of ∼ 15%.
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3.4.1. The rms–flux relations
We have explored whether the sample of 12 CVs show the linear rms–flux rela-
tions on short time-scales. In Fig. 3.4 we present the linear rms–flux relations in the
three colours of the DN SS Cyg, the NL KR Aur and the IP FO Aqr. For these systems
the linear relation still holds for longer time-scales (up to 100 s). This relation indi-
cates that the root-mean-square variability is larger for a larger flux. We performed
a χ2 statistical test to evaluate the goodness of the rms–flux linear fit. These val-
ues are larger than 1 in many cases due to the underestimated errors derived here. We
could have underestimated the errors on the obtained rms–flux relations as throughout
we have assumed Poisson statistics, such that the errors on the individual rms points
in Fig. 3.4 are computed by dividing the measured value by the square root of the
number of data points included in that measurement. However, when doing aperture
photometry as is the case here, we are summing the CCD pixel values from neigh-
bouring pixels to obtain the source flux at any given exposure, and use these fluxes
to then obtain the rms. Because of the summation across pixels we are moving away
from a Poisson noise regime (applicable to each individual pixel) towards a Gaussian
regime. Due to this, our error calculations based on Poisson noise statistics will be
underestimated, potentially alleviating some of the large χ2 values obtained (see dis-
cussion in Section 3.5.3).
CVs like BZ Cam, UU Aqr and MU Cen also show a linear rms–flux relation but
with some deviations from linearity. The rest of the sources present larger deviations
from linearity and the relation does not hold for longer time-scales. In the case of
V345 Pav the rms–flux relation shows an opposite trend, the root-mean-square vari-
ability is smaller for larger flux (see Fig. 3.11). Additionally, we have also studied
how the gradient and the intercept of the rms–flux relation change with different time-
scales for the 6 systems that display a linear rms–flux relation. For that, we computed
the rms–flux relation for each time-scale and we fitted it to obtain the gradient and
the intercept (see an example of KR Aur in Fig. 3.6). The gradient increases with the
time-scale, merely because the range over which it is calculated extends to lower fre-
quencies where the variability is larger (see power spectra in Fig. 3.3). The intercepts
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FIGURE 3.4: a: Rms–flux linear relation at 5 s of a DN in the three colours, from
left to right: r’, g’ and u’. The χ2red are respectively 2.0, 1.0 and 2.7 for 8 d.o.f. b:
Rms–flux relation of a NL in the three colours, with χ2red 1.2, 1.6 and 2.5 for 8 d.o.f. c:
Rms–flux relation of an IP in the three colours, with reduced χ2red of 2.8, 4.5 and 8.1
for 8 d.o.f.
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varied from source to source, increasing or decreasing with longer time-scales.
In previous studies on the rms–flux relation of XRBs and AGN it was found that
the light curves were log-normally distributed (e.g. Uttley & McHardy, 2001; Gleiss-
ner et al., 2004; Scaringi et al., 2012b). A log-normal distribution of fluxes provides
another evidence that the variability on these sources is generated by a multiplicative
process. We find that for the CVs: SS Cyg, KR Aur, FO Aqr, MU Cen, CM Del and
BZ Cam, the flux distributions are skewed (see the distribution of KR Aur in the left
panel in Fig. 3.5). In order to test whether the distribution is log-normal, we calcu-
lated the quantile-quantile plots and we compared them with the same plots following
a normal distribution (right panel in Fig. 3.5). We find that a log-normal distribu-
tion describes better the fluxes than a normal distribution. However, the distribution
looks much more complex, in some cases showing several peaks. Motivated by the
observed deviations from linearity and the fact that the flux distributions differ signif-
icantly from log-normal, we studied the stationarity of the light curves. We note that
these systems are stationary on longer time-scales, as the power spectral shape does
not change from the beginning to the end of the observation (see Fig. 3.2). However,
on shorter time-scales they might be non-stationary. To test for stationarity we have
used both the Nason (2013) and the Priestley and Subba Rao (Priestley et al. 1969)
test as implemented in R. In all cases with the exception of HQ Mon, both tests found
statistically significant deviations from stationarity in the light curve. For HQ Mon the
Priestley and Rao test rejects stationarity with a p-value of 8×10−10, while the test of
Nason does not find any non-stationarity. This might be due to the fact that the PSD
of HQ Mon is largely dominated by white noise, see e.g., Fig. 3.8a. Nevertheless, we
cannot exclude that the non-stationarity is intrinsic to the systems studied. Hence, we
cannot exclude that the systems studied here are non-stationary on the fast time-scales
probed in this paper.
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FIGURE 3.5: Left: Distribution of the fluxes of KR Aur in the r′ band,showing a
skewed distribution Right: Quantile-quantile plot comparing the log-normal distribu-
tion to the data of KR Aur in the r′ band. The red line describes the log-normal fit.
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3.5. Discussion
3.5.1. Power spectral densities of CVs
The PSD shape in the frequency range from 3× 10−4 up to ∼ 5 Hz is similar
for all the CVs in our sample, regardless of the spectral state of the source and the
magnetic nature of the central object. The PSDs of the sample of CVs are similar to
those observed in XRBs and AGN, scaled with the mass of the compact object, the
radius and the mass accretion rate (see Scaringi et al., 2015). Most of the PSDs in our
sample show breaks at around the same frequency 3× 10−3 Hz that can be associ-
ated with a characteristic time-scale, presumably the viscous time-scale (Uttley et al.,
2005; Uttley & McHardy, 2001; Revnivtsev et al., 2010).
This similarity seems odd especially for the IPs, where the disc is truncated further
out than in non-magnetic white dwarfs due to the strong magnetic field of∼ 106−107
G. In order to test the viscous interpretation, we have estimated for the intermediate
polars FO Aqr and LS Peg the magnetospheric radius rM at which the disc truncates
and the material is channelled to the white dwarf poles. For that we used eq. 6.18
from Frank et al. (2002),
rm = 5.1× 108M˙−2/716 m−1/71 µ4/730 cm (3.5)
where M˙16 is in units of 1016gs−1, m1 is the WD mass in solar masses and µ30 is
in units of Gcm3. We computed the mass accretion rate using the expression used
above from McDermott & Taam (1989) for each source being for FO Aqr M˙ ∼ 7×
10−9Myr−1, and for LS Peg M˙∼ 4× 10−9Myr−1. We used a typical white dwarf
mass of 0.75M and the estimated magnetic moments for FO Aqr and LS Peg from
Norton et al. (2004). The magnetospheric values are 1.1× 1010 cm and 2.2× 1010 cm,
respectively. Hence, at approximately 20 RWD the disc is truncated due to the torque
exerted by the strong magnetic field of the white dwarf. The dynamical time-scale at
that radius is then ∼ 667 s. However, assuming a disc thickness of H/R ∼ 0.1 and a
viscosity parameter of 0.1 the viscous time-scale is three orders of magnitude lower.
This indicates that the breaks seen in IPs can not be explained by the viscous
time-scale in the truncated geometrically thin disc. The optical fast variability could
be driven by viscous processes in a hot flow that goes along the magnetic field lines
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FIGURE 3.6: Upper: Evolution of the gradient of the rms–flux relation with different
time-scales from 1 up to 100 s for the NL KR Aur in the r’ band. Bottom: Evolution
of the intercept with different time-scales.
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or in the accretion column at the poles. Another possibility to explain the observed
optical variability in IPs could be the thermal reprocessing of UV or X-rays. If that
is the case we should detect soft time lags when comparing the optical and the X-ray
band, because the optical photons will arrive later than the X-ray photons because
they reprocess in the disc. Simultaneous observations of IPs in the optical and in soft
X-rays will be required to unveil the physical nature of the optical emission.
3.5.2. The fractional rms
The fractional rms obtained in the frequency range 10−2−10−1 Hz increases with
shorter wavelengths as shown in table 3.2. The different fractional rms in the three
colours can be then associated with different emitting regions of the accretion disc,
where the blue light comes from a deeper region of the accretion disc. We have not
found any correlation that links the fractional rms amplitude to the different subclasses
of CVs.
The NL KR Aur presents the largest fractional rms of 15 %, larger than for the
DNe in our sample. It is reasonable to obtain larger fractional rms for DNe in low state
than NLs, which are always in high state. If DNe in quiescence behave like quiescence
XRBs, then the variability should be larger at lower rates than at higher rates (Körding
et al., 2008). Therefore, we investigated what could be the physical mechanism that
generates this highly variable light observed in the u′ band. Let us assume that the
emission received is thermal emission from the accretion disc. Thus, we computed
the cumulative radial emission profile at the SDSS u′ frequency (3557Å). In order to
do so the theoretical temperature profile described by equation 5.49 in Frank et al.
(2002) was used. A similar profile has been obtained for the nova-like MV Lyr in
Scaringi et al. (2012a) to constrain the minimal size of the emitting region. Firstly, we
had to estimate the mass accretion rate for KR Aur using the relation of McDermott
& Taam (1989):
M˙ = 2.0× 10−11P3.7orb M☼/yr (3.6)
This relation holds for CVs where the angular momentum loss is driven by magnetic
braking (Porb > 2.7hr). The white dwarf mass used is 0.7 M, derived from Shafter
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FIGURE 3.7: Cumulative radial emission profile computed using two different tem-
perature profiles for KR Aur. The cumulative flux calculated using the standard tem-
perature profile described in (Frank et al., 2002) is shown with a blue solid line. The
black dot-dashed line indicates the cumulative flux for a more realistic temperature
profile for nova-like variables, with a flat top temperature at a certain radius of the
accretion disc, in this case at ∼ 26RWD the temperature profile flattens at 29000 K,
which is the value measured in the UV for KR Aur (Mizusawa et al., 2010). The red
dotted line indicates the 15 % fractional rms observed in the u’ band for KR Aur.
(1983) and the estimated value for the viscosity parameter α was set to 0.1. It is
known that the theoretical temperature profile differs from the measured one in the
inner part of the disc, it flattens at a certain radius of the system (Groot et al., 2004).
To take this into account in our cumulative radial emission profile, we flattened the
theoretical temperature at 29000 K, the measured WD temperature that can be used
as an upper limit at the inner disc radius (Mizusawa et al., 2010).
We present the comparison between the two cumulative radial profiles in Fig.
3.7. It shows that at 15 % of the total flux the theoretical radial profile provides a
minimal size of the emitting region of ∼ 7 RWD. Whereas, the modified radial profile
calculated from a flattened temperature profile yields a much larger radius∼ 16 RWD.
The viscous time-scales at those radii are too long (130 and 460 seconds respectively)
to explain the observed variability if we assume an optically thick disc. In fact, the size
of 16 RWD seems to be in agreement with the size of the boundary layer inferred by the
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application of the propagating fluctuation model to CVs (Scaringi, 2014). Our value
is larger than the size predicted by the theory (Frank et al., 2002). Hence, we conclude
that the fast variability cannot arise from the outer disc, as the boundary layer size is
large for a NL variable star and the viscous time-scale is too slow. Instead, it could
be probably produced by a non-linear process occurring in a hot flow near the WD,
such as thermal reprocessing of UV photons from the white dwarf and/or the boundary
layer in the inner disc on a thermal time-scale. The high-energy photons illuminate the
disc, the disc reprocesses the radiation of different wavelengths on different thermal
time-scales, and then it re-emits photons at lower energies.
3.5.3. The rms–flux relations
We report on the analysis of the optical rms–flux relation for 12 CVs in the high
frequency domain. We found that 6 systems appear to display linear rms–flux rela-
tions. However, on detailed inspection linearity is not strictly held, as in some sources
there are deviations from linearity as indicated by the χ2 test (see section 3.4.1 and
further discussion in section 3.5.3). For the rest of the systems the rms–flux relations
are not linear, some even have opposite trends: lower rms for larger flux as shown for
V345 Pav in Fig. 3.10. We noticed that the cases where the linear rms–flux relation
was not found, show lower variability on the time-scales explored (see power spectra
in Fig. 3.8).
As shown in Table 3.2, the 6 systems that display a linear rms–flux relation: KR
Aur, SS Cyg, FO Aqr, UU Aqr, BZ Cam and MU Cen, show larger fractional am-
plitude of variability than the rest of the systems. To test whether a linear fit is the
best model to describe the rms–flux relations presented here, we have also performed
a quadratic fit. We compared the linear model against the quadratic one by means of
the F-test. By choosing a significance level of 0.01 the critical F-value for our binned
sample is 12.2. For all the sources that seem to display a linear rms–flux relation:
BZ Cam, UU Aqr, KR Aur, MU Cen, SS Cyg and FO Aqr, the calculated F value is
below the critical, which indicates that a linear model is sufficient to describe the data.
It is clear that a formal test to distinguish between models and a χ2 test are the
best tools to determine whether there is a linear rms–flux relation. However, as also
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discussed in Gleissner et al. (2004), it is sometimes very difficult to fit a simple model
to variability properties because of the scatter in the data points. Discarding observa-
tions as not displaying non-linear rms–flux relations due to bad χ2 fits may thus be
misleading. We thus also explored the Kendall’s rank correlation coefficient for all
of our sample, to test whether the flux and the rms were statistically correlated. We
obtained a value of > 0.97 and a p-value of ∼ 5× 10−5 for the CVs shown in Fig.
3.4 and UU Aqr, MU Cen and BZ Cam. Although not as strong as a formal χ2 fit,
this test serves as an indicator of linearity in the sense that the bulk of points follows
a straight trend, while allowing others to deviate slightly.
Deviations from linearity
Recently, Uttley et al. (2017) show that linear rms–flux relations can result from
positively skewed flux distributions even in situations where there is not a broad power
spectrum. In those cases, the presence of the linear rms–flux relation cannot be ex-
plained by the propagating fluctuations model. They point out that the presence of a
linear rms–flux relation should not be taken as an indication for a similar underlying
physical process, unless there is a broad power spectrum and a skewed distribution
of fluxes. Previous studies of accreting systems (AGN: Uttley et al. 2005, XRBs:
Gleissner et al. 2004, CVs: Scaringi et al. 2012b, YSOs: Scaringi et al. 2015) have
all reported strictly linear rms–flux relation when analysing the aperiodic variability
properties. However, in all those cases the light curves display log-normal flux distri-
butions. The presence of a broad power spectrum, a log-normal flux distribution and
a linear rms–flux relation indicate that the variability on a wide range of time-scales
must be coupled multiplicatively as described by the propagating fluctuation accre-
tion disc model (Lyubarskii 1997; Arévalo & Uttley 2006; Scaringi 2014). The fact
that we do not observe strict linearity when searching for linear rms–flux relations in
some sources, and that the distribution of fluxes are not significantly log-normal, can
be caused by a number of reasons.
Firstly, because we are probing time-scales faster than any previous studies in the
context of CVs, it could be that at these high frequencies linearity is intrinsically not
found. The non-linear rms–flux relation could have important consequences in the
interpretation of the aperiodic variability in these systems, since it would require ad-
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ditional physics (on top of multiplicative coupling as in other accreting systems; e.g.
Lyubarskii 1997; Arévalo & Uttley 2006).
Another possibility relates to the fact that we do not observe stationary light curves
in our sample on those time-scales. Whilst some systems display flux distributions
that are consistent with log-normal distributions, the distributions are far more com-
plex. The red-noise-leakage could cause on the short time-scales explored the non-
stationarity observed in the light curves. Moreover, we noticed by their detailed in-
spection that a sudden increase in flux was seen as a deviation from linearity in the
rms–flux relation. These effects can potentially explain any deviations from linearity
within the rms–flux relations. However, although it is difficult to disentangle whether
they are intrinsic to the source or caused by the non-stationarity of the light curve.
Finally, following the method by Gleissner et al. (2004) to compute the rms er-
ror, we have assumed Poisson statistics. However, as mentioned in section 3.4.1 and
pointed out by Heil et al. (2012), by doing this we may have underestimated the er-
rors on the obtained rms–flux relations. Additionally, Gleissner et al. (2004) method
assumes that the power is the same in all frequencies, but the power has a power-law
slope of −2. Thus, there are frequency bins that will contribute less to the power and
the variance of the power and some that will contribute more. This is not taking into
account in our calculation as we are measuring the rms directly from the light curve
instead of from the power spectrum.
Given all the above arguments, we cannot firmly assert that the high-frequency
aperiodic variability properties of our CV sample are explained by the same physical
process as observed in other CVs, XRBs and AGN as we cannot confirm strictly lin-
ear rms–flux relations. Nevertheless, there are several arguments which would make
any intrinsically strictly linear relations in our sample appear to be non-linear. Fur-
thermore, the CVs show broad PSDs and some positively skewed flux distributions.
Given the important implications of claiming intrinsically non-linear rms–flux rela-
tions (which would rule out some physically established models for the variability as
the propagating fluctuation model of Lyubarskii 1997; Arévalo & Uttley 2006), fur-
ther observations are required to explore the high-frequency regime in CVs.
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3.6. Summary
In this work the optical variability properties of 12 cataclysmic variables have
been explored performing time-series analysis on data collected with ULTRACAM
at very high cadences. This camera can give insight into the fastest characteristic
time-scales of the innermost regions of the accretion discs around WDs. We report on
the detection of the linear rms–flux relation of 6 CVs in our sample in the high fre-
quency domain, including for the first time intermediate polars. However, we cannot
firmly assert that these systems display strictly linear rms-flux relations, thus further
tests will be required to determine it. If strict linearity is further tested and not found
it could have important consequences for variability models. This is because strict
linear rms–flux relations have been previously found on time-scales of minutes for a
dwarf novae and two nova-like variables, indicating that the rms–flux relation may be
a fundamental property of CVs not only of XRBs and AGN.
We also reported PSD breaks in our sample of ≈ 10−3Hz for all the subclasses
of CV. The PSD breaks found for the NLs in our sample are consistent with previous
studies (see Scaringi et al., 2015). The breaks are difficult to explain by the propagat-
ing fluctuation accretion model in a geometrically thin disc. The time-scales observed
are too fast to be explained by the viscous time-scale at the innermost edge of the
disc. Furthermore, the rms–flux relation and the observed break frequencies in the
power spectra of the IPs is even more difficult to explain by this model. It could be
driven by viscous processes in the accretion column on the poles or in a hot flow near
the white dwarf. Different non-linear physical processes occurring to the hot flow in
the boundary layer or at the surface of the white dwarf must be investigated. Another
possibility is that the observed variability in the optical is caused by reprocessing of
UV/X-ray photons generated at the WD poles. More observations are needed to better
understand the origin of the variability in all time-scales and for all accreting compact
systems. Theoretical models are essential to build a unified model for accretion that
could explain all the properties observed in the relativistic black holes and neutron
stars systems and also the non-relativistic WDs.
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3.A. Rms–flux relations and power spectral densities
In this appendix we present all the plots of our sample of 12 CVs that were not
displayed in the results section, i.e. excluding SS Cyg, KR Aur and FO Aqr. In Fig.
3.8 all the smoothed raw PSDs are shown for the different SDSS colours. The linear
the rms–flux relations are displayed in Figs. 3.9 – 3.11, including tables with the
goodness of the linear fit.
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(g) RW Tri
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(h) V345 Pav
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(i) LS Peg
FIGURE 3.8: Power spectral densities of the 9 CVs obtained in every filter, where red
diamonds correspond to the r’ band, green filled circles is the g’ band and the PSD in
the u’ band is represented in blue squares. All are raw PSDs to show the white noise
level for each source and they are log-binned. The vertical black dashed line indicates
the time-scale in which we computed the rms–flux relation.
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FIGURE 3.9: The linear rms–flux relation of the NLs BZ Cam and UU Aqr, and the
DN MU Cen obtained in a time-scale of 5 s for the three SDSS colours.
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FIGURE 3.10: The linear rms–flux relation of the IPs V592 Cas and LS Peg and the
NL CM Del obtained in a time-scale of 5 s for the three SDSS colours.
81
CHAPTER 3 : STUDYING THE RMS–FLUX RELATION OF CVS IN THE
HIGH-FREQUENCY DOMAIN
2.40 2.50 2.60 2.70 2.80
Flux normalised (10−1 counts s−1)
0.21
0.22
0.22
0.23
0.24
σ
 (
1
0
−2
co
u
n
ts
s−
1
)
2.30 2.45 2.60 2.75 2.90
Flux normalised (10−1 counts s−1)
0.20
0.20
0.21
0.22
0.23
0.50 0.57 0.65 0.73 0.80
Flux normalised (counts s−1)
1.75
1.85
1.95
2.05
2.15
(a) RW Tri
5.35 5.45 5.55 5.65 5.75
Flux normalised (10−1 counts s−1)
0.52
0.54
0.56
0.58
0.60
σ
 (
1
0
−2
co
u
n
ts
s−
1
)
8.60 8.90 9.20 9.50 9.80
Flux normalised (10−1 counts s−1)
0.89
0.91
0.94
0.96
0.98
2.40 2.58 2.75 2.93 3.10
Flux normalised (counts s−1)
9.00
9.62
10.25
10.88
11.50
(b) V345 Pav
3.76 3.81 3.85 3.90 3.94
Flux normalised (10−1 counts s−1)
0.41
0.43
0.44
0.46
0.47
σ
 (
10
−2
co
u
n
ts
s−
1
)
3.70 3.74 3.78 3.82 3.86
Flux normalised (10−1 counts s−1)
0.34
0.35
0.36
0.37
0.38
0.81 0.83 0.85 0.86 0.88
Flux normalised (counts s−1)
2.90
3.05
3.20
3.35
3.50
(c) HQ Mon
FIGURE 3.11: Rms–flux relations of 3 NLs obtained at 5 s, including 2 eclipsing
binaries, RW Tri and V345 Pav. The latter does not show the rms–flux relation.
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Star χ2red r’ band χ
2
red g’ band χ
2
red u’ band
BZ Cam 2.7 3.2 4.7
UU Aqr 1.0 0.9 3.4
MU Cen 2.4 2.7 6.5
TABLE 3.3: Results of the linear fit of the rms–flux relation by means of the χ2red for
each CV and in each colour for 8 d.o.f..
Star χ2red r’ band χ
2
red g’ band χ
2
red u’ band
V592 Cas 4.0 7.8 2.4
LS Peg 2.6 2.4 14.1
CM Del 6.4 9.5 16.5
TABLE 3.4: Results of the linear fit of the rms–flux relation by means of the χ2red for
each CV and in each colour for 8 d.o.f.
Star χ2red r’ band χ
2
red g’ band χ
2
red u’ band
RWtri 2.0 4.8 1.1
V345 Pav 8.9 3.3 44.7
HQ Mon 1.2 2.8 1.7
TABLE 3.5: Results of the linear fit of the rms–flux relation by means of the χ2red for
each CV and in each colour for 8 d.o.f..
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Chapter4
New insights into the quasi-periodic X-ray
burster GS 0836–429
E. Aranzana, C. Sánchez-Fernández, E. Kuulkers
Astronomy & Astrophysics 586, A142, 2016
Abstract
GS 0836–429 is a neutron star X-ray transient that displays Type-I X-ray
bursts. In 2003 and 2004 it experienced two outbursts in X-rays. We
present here an analysis of the system’s bursting properties during these
outbursts. We studied the evolution of the 2003–2004 outbursts in soft X-
rays using RXTE (2.5–12 keV; ASM) and in hard X-rays with INTEGRAL
(17–80 keV, IBIS/ISGRI). Using data from the JEM-X monitor onboard
INTEGRAL, we studied the bursting properties of the source. We de-
tected 61 Type-I X-ray bursts during the 2004 outburst and confirm that
the source displayed a quasi-periodic burst recurrence time of about 2.3
hours. We improve the characterisation of the fuel composition, as well
as the description of the typical burst durations and fluences. We estimate
the average value of α to be 49± 3, which describes the ratio of the grav-
itational energy released between bursts to the nuclear energy released in
an X-ray burst. Both this value and the observed burst profiles indicate a
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regime of a mixed He/H runaway triggered by unstable helium ignition.
In addition, we report the detection of four series of double bursts, with
burst recurrence times of≤ 20 minutes. The secondary bursts are always
shorter and less energetic than the primary and typical bursts from the
source. The measured recurrence time in double bursts is too short to
allow the accretion of enough fresh material, which is needed to trigger
a Type-I X-ray burst. This suggests the presence of leftover, unburned
material from the preceding burst, which gets ignited on a time scale of
minutes. The energies and time scales of the secondary bursts suggest
a lower fraction of hydrogen compared to that estimated for the primary
bursts. The persistent emission was roughly constant during the period
when the Type I X-ray bursts were detected. We derive an average accre-
tion rate during our observations of m˙ ∼ 8% m˙Edd . The spectrum of the
persistent emission during these observations can be fitted with a non-
thermal component, indicative for the source to be in a hard state when
the INTEGRAL observations were performed.
4.1. Introduction
Type I X-ray bursts are thermonuclear runaways on the surface of accreting neu-
tron stars (hereafter NS) in low-mass X-ray binaries (LMXB), caused by the unstable
ignition of He and/or H fuel accreted from the low-mass companion (for reviews, see,
e.g. Lewin et al., 1993; Strohmayer & Bildsten, 2006).
They are short events (10–100 s) that are detected as a fast rise in the source X-ray
light curves, several orders of magnitude above the persistent level, followed by an
exponential-like decay to pre-burst fluxes. The observed rise times are of the order
of seconds, while the decays can generally last from seconds to minutes, both scales
related to the relative amount of H to He burned during the bursts (e.g. Schatz et al.,
2001). At higher photon energies, the profiles generally show shorter exponential
decays due to the cooling of the neutron star surface (see Lewin et al., 1993). Type
I X-ray bursts generally show thermal X-ray spectra with black-body shapes (Swank
et al., 1977) from a spherical region with a radius of about 10 km and temperatures
up to ∼3 keV that cool during the burst decay. The energy released during these
processes is typically 1038−39 erg, and it is expected that during the flash, over 90% of
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the fuel accreted burns into carbon and heavier elements (e.g. Woosley et al., 2004).
Triggering a subsequent burst therefore requires a new layer of fuel to be accumulated.
The burst recurrence time can be regular or irregular on time scales of minutes to days
(see Lewin et al., 1993).
The burst properties depend on the composition of the accreted material, hence
on the accretion rate. We can generally distinguish three burning regimes in a H/He
accretor (see Strohmayer & Bildsten, 2006, and references therein): At low accretion
rates, m˙ . 900gcm−2s−1, unstable H ignition triggers mixed H/He X-ray bursts. At
900 . m˙ . 2000gcm−2s−1, H burns steadily in a shell via the CNO cycle, while the
pure He shell ignites. For higher accretion rates, m˙& 2000gcm−2s−1, H accretion is
faster than H-burning and mixed H/He bursts are triggered by unstable He ignition.
During bright Type I X-ray bursts, the peak flux can reach the local Eddington
luminosity. The outward radiation pressure then equals (or exceeds) the gravitational
force, pushing the outer layers of the neutron star photosphere outward. The effect
observed is a decrease in the observed black-body temperature while the inferred
black-body radius increases, followed by a return to the pre-expansion radius while
the temperature increases. Such bursts can be used as standard candles because they
can provide a good estimate of the distance of the source (e.g. Basinska et al., 1984;
Kuulkers et al., 2003).
There are some bursts that show recurrence times of the order of minutes: the so-
called ‘short waiting-time’ (SWT) bursts. These bursts were first reported by Lewin
et al. (1976), who used SAS 3 data on MXB 1743–28 and detected a sequence of
three successive bursts with recurrence times of 17 and 4 minutes, respectively. The
time elapsed between successive bursts is too short to accumulate enough material
to trigger the typical thermonuclear runaway, implying that the available fuel is not
entirely exhausted in the first burst (Fujimoto et al., 1987). Exploring a sample of
X-ray bursts from EXO 0748–676, Boirin et al. (2007) detected burst triplets with
recurrence times of 12 min. They measured that the total energy released in doublets
or triplets is higher than in a normal Type-I X-ray burst from that source. Later,
Galloway et al. (2008) reported the detection of SWT bursts from nine sources in
a sample of 48 bursters. Keek & Galloway (2010) analysed doublets, triplets, and
even quadruples from a sample of 15 sources. They offer several explanations for this
phenomenon, one of them considering the possible scenario that the fuel of a bottom
layer is ignited, leaving an unburned layer on the top that could be triggered leading
87
CHAPTER 4 : NEW INSIGHTS INTO THE QUASI-PERIODIC X-RAY BURSTER GS
0836–429
to a second burst.
GS 0836–429 is a transient LMXB, first detected in 1970–1971 by UHURU (Kel-
logg et al., 1973) and OSO-7 (as MX 0836–42; Markert et al. 1977; Cominsky et al.
1978. A subsequent outburst from this source was detected from November 1990
until February 1991 by the All Sky Monitor (ASM) onboard Ginga (Aoki & Dotani,
1992). The persistent source spectrum during the outburst was described by a power
law with a photon index of 1.5. 28 Type I X-ray bursts with typical recurrence times
of about two hours were detected by Ginga during the 1990–1991 outburst. A pair of
bursts with short recurrence time (∼ 8 minutes) was detected (Aoki & Dotani, 1992).
There is no report of an optical counterpart to this source, owing to the high interstel-
lar absorption in the line of sight (Av ∼ 11m; Cherepashchuck 2000. As a result, it
has not been possible to determine the distance to the source yet (see Belloni et al.,
1993).
GS 0836–429 became active again in the period January–May 2003 (Rodriguez
et al., 2003) and reactivated later in September 2003 to June 2004. The evolution of
these two outbursts was monitored by the All Sky Monitor (ASM) onboard the Rossi
X-ray Timing Explorer (RXTE) Satellite. Seventeen Type-I X-ray bursts were detected
by RXTE/PCA during the first outburst in 2003 (Galloway et al., 2008). The burst
activity was also derived using INTEGRAL data by Chelovekov et al. (2005), who
reported detecting 24 Type I X-ray bursts by the Joint European Monitor (JEM-X)
onboard INTEGRAL during the second period of activity. GS 0836–429 was serendip-
itously detected during INTEGRAL observations of the Vela region (UT November 27
– December 19, 2003; Rodriguez et al. 2003, as well as during a few Galactic Plane
Scan pointings in April 2004 (see Table 4.1).
We report here on the results obtained from the analysis of all INTEGRAL obser-
vations of this source during the 2003–2004 outbursts. We characterise the system
persistent emission and study the properties of 61 Type I X-ray bursts we found using
JEM-X (i.e., more than double the amount of bursts reported by Chelovekov et al.
(2005). We also include a detailed study of four SWT bursts from this system.
4.2. Observations
INTEGRAL is an ESA scientific mission (Winkler et al., 2003) dedicated to fine
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TABLE 4.1: Observation log of GS 0836–429.
Date MJD ObsID JEM-X ISGRI Bursts
Exposure (ks) Exposure (ks)
27/11/2003 – 11/12/2003 52970 – 52984 0110009/0006 455.4 999 58
02/01/2004 53006 0299820/0001 2.2 4.4 1
24/04/2004 53119 0299827/0001 4.4 6.6 1
spectroscopy (E/∆E∼500; SPI; Vedrenne et al. 2003) and fine imaging (angular res-
olution: 12′ FWHM; source location accuracy: 1− 3′; IBIS; Ubertini et al. 2003)
of celestial X-ray sources in the energy range 15 keV to 10 MeV with simultaneous
monitoring in the X-ray range (3–35 keV, angular resolution: 3′; Joint European X-
ray Monitor, JEM-X; Lund et al. 2003) and in the optical (V-band, 550 nm; OMC;
Mas-Hesse et al. 2003). All the instruments onboard INTEGRAL, except the OMC,
have coded masks.
We analysed all the available data on GS 0836–429 during the 2003–2004 out-
bursts collected by two of the INTEGRAL instruments (see Table 4.1): the INTEGRAL
Soft Gamma-Ray Imager (ISGRI, part of IBIS) sensitive from∼15 keV to 1 MeV with
a total effective area of about 2600 cm2 (Lebrun et al., 2003), and the JEM-X. IBIS
has a wide field of view (FOV, 9o× 9o fully coded and 29o× 29o partially coded;
full-width at zero response, FWZR). JEM-X has a circular field of view with a di-
ameter of about 13o (FWZR). This instrument consists of two units, which operate
simultaneously. They are sensitive in the 3–35 keV energy range, and each detector
has an effective area of about 500 cm2. GS 0836–429 was serendipitously detected in
the IBIS/ISGRI field of view during the first and second outbursts of the 2003-2004
activity phase. The source was within the JEM-X field of view only during the sec-
ond outburst; this difference is due to the smaller field of view of JEM-X compared
to IBIS/ISGRI. The total exposure on GS 0836–429 was ∼460 ks with JEM-X and
∼1 Msec with IBIS/ISGRI (see Table 4.1).
We also used the publicly available RXTE/ASM light curves of the source (Levine
et al., 1996) to characterise the overall outburst evolution in the 2.5–12 keV range. The
ASM consists of three scanning wide-angle shadow cameras (SSC). Each camera has
a FOV of 12o× 110o (FWZR) with a collecting area of 90 cm2 and spatial resolution
of 3′×15′. Counts are recorded in 1/8 s time bins for three energy bands, 1.5–3, 3–5,
and 5–12 keV.
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FIGURE 4.1: Top: 5-day average light curve in counts per second of RXTE/ASM data
covering the period of the two outbursts (January 2003 to June 2004) in the energy
range 2.5–12 keV. Bottom: 4-hr average light curve of the INTEGRAL/IBIS/ISGRI
data in the energy range of 17–80 keV in the same period. The time between the
dashed lines corresponds to the period when the source was within the JEM-X field
of view, and burst searching analysis was conducted. A zoom on this time interval is
provided in Figure 2, where the times of detection of X-ray bursts are shown. The solid
lines indicate the times of additional Galactic Plane Scan pointings, when GS 0836–
429 was again within the JEM-X field of view. The outlier observed in the IBIS/ISGRI
light curve around MJD 53400 is an instrumental artefact.
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FIGURE 4.2: 4-hr average light curves in counts per second of the persistent emission
of GS 0836–429 built from data collected by JEM-X (3.5–25 keV, upper panel) and
IBIS/ISGRI (17–80 keV, lower panel). The red arrows and the blue arrows shown in
the upper panel indicate the time when the normal Type I X-ray bursts and the SWT
bursts respectively occurred (57, see Table 4.1).
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4.3. Data reduction and analysis
The INTEGRAL data were reduced with the Off-line Scientific Analysis software
(OSA) distributed by the INTEGRAL Science Data Center (ISDC; Courvoisier et al.
2003 version 10.0 released on October 18, 2012 using the OSA default parameters.
The routines employed to analyse JEM-X and ISGRI data are described in Wester-
gaard et al. (2003) and Goldwurm et al. (2003), respectively. In the next sections
we detail the analysis of the persistent emission of the source and the detection and
characterization of Type I X-ray bursts.
4.3.1. Persistent emission analysis
The persistent emission of the source must be separated from the burst spec-
trum when we fit it (Swank et al. 1977; Kuulkers 2002; but see, e.g., Worpel et al.
2013). To extract the spectrum of the persistent emission, we grouped the avail-
able JEM-X pointings between two consecutive bursts to build an integrated X-ray
spectrum. In the cases when there was no data available between two consecutive
bursts, we extracted the spectrum of the persistent emission in the pointing where
the burst had been detected, using a so-called ‘Good Time Interval’ (GTI) to ex-
clude the burst. Owing to the weakness of the persistent emission of GS 0836–
429 (Fx[5.0−200keV]∼ 1.7× 10−9ergs−1 cm−2), we extracted the JEM-X persistent
emission spectra from the mosaic image, a procedure recommended for weak sources
(see Chernyakova et al., 2012). We processed the JEM-X data from the correction step
COR to the image creation IMA2 level. We then used the tool mosaic_spec on the mo-
saicked image to derive the source flux in 16 energy bins in the energy range 3–35 keV
and generated appropriate detector and ancillary response files. The IBIS/ISGRI data
were processed from the correction step COR up to the spectrum creation level SPE.
The IBIS/ISGRI X-ray spectrum was extracted in the 15–200 keV range using default
parameters. In the analysis we have only considered those pointings for which the
source was less than 4o (JEM-X) and 12o (ISGRI) off-axis.
To describe the persistent emission of the source we fitted the JEM-X and IBIS/ISGRI
spectra simultaneously with a model consisting of a power law with a cut-off at high
energies (cutoffpl in XSPEC v.12; Arnaud (1996) modified by photo-electric absorp-
tion (phabs). We fixed the column density to NH = 2.7× 1021 cm−2 (Chelovekov
et al., 2005). To account for the relative JEM-X/ISGRI calibration uncertainties, we
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introduced an additional multiplicative factor in the fits. Because of calibration un-
certainties below 5 keV, we neglected the JEM-X energy bins below that value to fit
the spectra, so that the energy range covers from 5 up to 200 keV. The luminosities
derived from this analysis are provided in Table A.1. For those cases where the per-
sistent emission spectra was extracted using less than or equal to two pointings, it
was not always possible to obtain a satisfactory spectral fit to the system persistent
emission.
The total average source spectrum for the dataset analysed in this work was also
extracted and fitted. To estimate the absolute persistent fluxes before a burst, we
first extracted the flux in the 5–35 keV band using the JEM-X and ISGRI persistent
spectra (see analysis procedures above) and extrapolated that to 0.1–200 keV range
by multiplying by a bolometric factor. This factor was determined by using the total
average source spectrum. We used the persistent emission fluxes to derive the burst
parameter α that was used to characterise the composition of the fuel triggering the
thermonuclear runaway (see Section 4.4.2).
4.3.2. X-ray bursts analysis
X-ray bursts light curve and burst detection
We applied X-ray burst searching routines to the 5 s binned source light curves
extracted in the 3.5–25 keV energy band. The potential onset of a burst was flagged
when, in a time bin, the difference between the source count rate and the average
source count rate in that pointing exceeded four times the light curve noise (measured
as the standard deviation of the pointing source count rate). The subsequent burst
decay was fit with an exponential function (exp(−t/τ)). From the fits to the burst light
curve, we derived the basic burst parameters: burst peak count rate, burst duration,
burst e-folding decay time τ , and burst recurrence time. Burst starting and end times
were also identified: they are defined as, respectively, the time when the intensity
increases above 10% of the burst peak count rate, and the time when the intensity
decreases again below 10% of it. The start and end times were used to generate GTI
files, which allowed the creation of images and spectra covering the burst duration.
The images were checked to verify that the event indeed originated at GS 0836–429,
and not at the other transient source GS 0834–430, at an angular distance of 24’ from
our target. GS 0834–430 is a high-mass X-ray binary (HMXB) with an accreting
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pulsar (see Miyasaka et al., 2013).
We also extracted burst light curves with a time step of 2 s to build an average
burst profile to estimate the burst average rise time, peak count rate, and exponential
decay time.
Burst spectral analysis
Applying the GTIs described above, we processed the JEM-X data from COR
to SPE steps using 16 energy bins in the energy range 3.5–35 keV. The spectra of
the weakest bursts in our sample, i.e., those showing shorter durations (<40 s) and/or
lower peak intensities (<65 counts s−1), were extracted using eight energy bins in the
same energy range. We also generated the appropriate detector and ancillary response
files. Uncertainties in the flux reconstruction at high off-axis distances meant we did
not extract spectra for those bursts detected at ≥4o off-axis (see Table A.1). Owing
to the uncertainties in the calibration below 5 keV and bad response from the detector
above 25 keV, we fitted the burst spectra from 5 – 25 keV.
The spectrum of the persistent emission in the same energy range was subtracted
from the total burst emission, assuming that the persistent emission during the burst
remains unchanged. Although Worpel et al. (2013) suggest that the persistent emis-
sion may increase during bursts, the statistics of the JEM-X spectra are not sensi-
tive enough to include this effect. Our net-burst spectra are described well by a
black-body component modified by the interstellar absorption, which is dominated
by photo-electric absorption. Its effect appears as a low-energy cut-off. We fixed the
photo-electron absorption at NH = 2.7×1021 cm−2. To get an estimate of the neutron
star photospheric radius, we used the XSPEC model bbodyrad; however, this analysis
may contain systematic errors that are more important in the tail of the burst where the
fluxes are low. As a consequence, the inferred radii obtained may become artificially
small (see Lewin et al., 1993). Also, in the fitting process, the radius is derived from
the burst colour temperature and not from the effective temperature, so that the values
are underestimated (e.g. van Paradijs, 1982; London et al., 1984). From these spectral
fits we measure the burst fluxes and derive the burst fluences.
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4.4. Results
We report in this section the results of the analysis of the persistent emission
during the 2003–2004 outbursts (Sect. 4.4.1) and provide the X-ray burst parameters
obtained in the analysis of our sample of 61 X-ray bursts (Sect. 4.4.2, see Table A.1).
We note that 24 of these bursts were previously reported by Chelovekov et al. (2005).1
An overview of the properties of the single bursts and the persistent emission around
the burst is also given in Sect. 4.4.1. We searched for possible correlations between the
parameters of the bursts and the source persistent emission, and derived the distance
and an estimate of the mass accretion rate. Finally, we describe in detail the properties
of the SWT bursts detected in this work in Sect. 4.4.3.
4.4.1. Persistent emission
The RXTE/ASM five-day average light curve of GS 0836–429 (2.5–12 keV) dur-
ing the the 2003–2004 outbursts is presented in Fig. 4.1 (top). Contemporaneous
IBIS/ISGRI measurements in the 17–80 keV energy band are also presented in this
figure (bottom). Both outbursts display a similar morphology: a big flare in soft and
hard X-rays followed by a plateau lasting several weeks until the source decays to
quiescence. The outburst durations are, however, different: the first outburst lasted
about 100 days in soft X-rays, while the second one had a duration of about 250 days
in the same energy range (see Fig. 4.1). The onset of the outbursts are different as
well; i.e., the onset of the first outburst is brighter in hard X-rays, while the onset of
the second outburst is brighter in soft X-rays. The plateaus of the two outbursts have
comparable fluxes. The observed light curves indicate that the second outburst started
earlier in the soft X-rays than in hard X-rays, as observed in other LMXB transients
(e.g. Lewin et al., 1993). A closer view of the epoch when the source was within the
JEM-X FOV and Type I X-ray bursts were detected is shown in Fig. 4.2. In this figure
we show the system light curve in two energy bands (3–25 keV and 17–80 keV); the
rates in both energy bands decrease during our observations by about 20%.
The overall, average source persistent emission was detected up to about 100 keV
with IBIS/ISGRI (see Fig. 4.3). Its spectrum was fitted by a power-law model with a
cut-off at high energies. The photon index (Γ) derived from this fit (with a χ2red of 1.7
1The report by Chelovekov et al. (2005) is not detailed enough to assess why their sample of bursts
is smaller than ours.
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for 22 degrees of freedom, d.o.f.) is 1.52±0.05, with a cut-off energy of 57±4 keV.
The best estimate of the bolometric correction was determined from a joint analysis
of the average JEM-X and ISGRI spectra (see Sect. 3.1): we obtained a value of
1.16±0.16.
We also performed spectral fits to the absorbed persistent spectra (3–200 keV)
around the burst detections. The values for the fluxes derived in these fits are typically
between 1.4 × 10−9 and 2.4 × 10−9 ergs−1cm−2. The flux decreased by a factor of
about 1.3 in 15 days (see Table A.1).
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FIGURE 4.3: Top: Overall, average persistent emission spectrum as seen by JEM-X
(5–25 keV) and IBIS/ISGRI (25–200 keV). The spectrum has been fitted with a cut-
off power law with photon index of 1.5 and a high energy cut-off at 57 keV (see text).
Bottom: Residuals from the above fit in units of χ .
4.4.2. Type I X-ray bursts
Burst light curves
Using JEM-X we detected 61 Type I X-ray bursts during the 2003–2004 outburst
(see Table 4.1). The X-ray burst light curves show a fast rise, which last on average 7±
2 s, followed by a long exponential decay (see Fig. 4.4). The average burst duration
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FIGURE 4.4: Average burst profile (3.5–25 keV) of GS 0836–429 built from all stan-
dard X-ray bursts in our sample (i.e., excluding secondary bursts in SWT events) de-
tected ≤4o off-axis. Time resolution is 2 s. The average burst profile shows a fast rise
(∼ 7 sec) followed by a long exponential tail (e-folding decay time∼ 29 s) to pre-burst
levels.
defined as the time elapsed since the burst count rate exceeds 10% of the peak count
rate until it decays to 10% of the burst peak count rate is 49± 2 s. The average e-
folding exponential decay time is 19± 1 s. However, we found bursts with exponential
decay times in the range '7 s to '47 s. The average of the net-burst peak count rate
is 55± 12 cts s−1, with burst peak count rates ranging from 22 to 101 cts s−1 (3.5–
25 keV). We find that bursts with higher peak count rates tend to display faster decays
(see Fig. 4.5; excluding SWT doublets). In Fig. 4.5 we also display the burst peak
count rates and e-folding decay times for bursts in SWT doublets. Primary bursts in
SWT doublets occupy the same regions in this plot as the typical single bursts, while
secondary bursts in SWT doublets tend to show lower peak count rates and faster
decays. Since for the weakest bursts it is more difficult to fit the exponential decay
and this can bias our results, we have tested whether this relation is real. First, we
explored the effect of adding extra noise to the burst profile, and we confirmed that
it does not affect the exponential decay fit. Second, we tested whether a decrease in
burst strength due to the burst being at higher off-axis angles affects the exponential
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decay fit, but no correlation has been found that indicates that the relation is real. We
have tested whether a linear fit describes the data better than a constant fit performing
an F test, and we can reject the constant model with 0.99 probability.
We find a quasi-periodic waiting time between two successive bursts. The av-
erage value of the recurrence time is 2.3± 0.5 hr. This value is derived excluding
the secondary bursts in SWT doublets, but takes the data gaps into account between
two bursts events caused by INTEGRAL’s 5x5 dithering observing pattern: 1 source
on-axis pointing, 24 off-source pointings in a 2.17 degree steps. In the calculation of
the average recurrence time, we have divided by two the burst recurrence times in the
range 4–6 hr (see Fig. 4.6).
In our data we do not find any significant correlation between the burst peak count
rate and the burst recurrence time. One would expect that for longer waiting times
between two bursts, the neutron star would have accreted more material, so that the
bursts were brighter and more energetic (if the triggering conditions are the same; see
Lewin et al. 1993. We do not find any correlation, either, between persistent emission
and burst recurrence time.
Fits to the net-burst spectra
Fits to the net-burst integrated spectra allowed the average burst apparent temper-
ature and fluence to be derived. We also built an average, overall burst spectrum from
those bursts detected at an off-axis distance less than or equal to four degrees to derive
more refined parameters. Secondary bursts in SWT doublets were excluded from this
selection.
We fitted the burst spectra with a black-body model subjected to a fixed inter-
stellar absorption of NH = 2.7×1021 cm−2. We found apparent black-body tempera-
tures, kT, in the range of 1.2–2.4 keV with an average value 2.2± 0.4 keV. Fluences
were determined using the time-integrated flux of each burst in the energy range
3.5–25 keV and were in the range 0.9− 5.8 × 10−7 ergcm−2 with an average of
(2.3 ± 0.7)× 10−7 ergcm−2. The fits showed χ2red values in the range 0.1–1.3 (for
12 d.o.f.). The very low χ2red values can be explained in several ways: 1) weakness
of the burst; 2) burst detected at high off-axis values, which leads to uncertainties in
the flux reconstruction; 3) uncertainties in determining the persistent emission (used
in the fits to the net-burst spectra), caused by a limited amount of data between two
consecutive bursts.
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FIGURE 4.5: Relation between burst peak count rate and e-folding exponential decay
time for the bursts in our sample. To avoid systematic effects related to flux reconstruc-
tion at high off-axis distances, only the parameters of the bursts detected at off-axis
distances ≤ 4o are shown. Blue symbols correspond to primary bursts in SWT dou-
blets. Red symbols belong to secondary bursts in SWT doublets. Each pair of bursts
in a SWT pair are represented using the same symbol shape. For standard bursts in
the sample, the peak count rate decreases as the e-folding exponential decay increases.
The solid line indicates the linear fit with a χ2red of 1.4 for 40 d.o.f., excluding bursts in
SWT doublets.
We explored possible correlations between burst fluence, burst peak count rate,
and burst recurrence time. We do not find any significant correlations between these
parameters. We used one of the brightest bursts in our sample detected at an off-
axis distance of 0.8o (i.e., the one occurring on MJD 52977.46563) to estimate a
representative apparent photospheric radius of the neutron star. We found a value of
9± 3 km, which is consistent with a canonical neutron star radius of 10 km. For the
rest of the bursts we found an average inferred black-body radius of 4±2 km (but see
Sect. 4.3.2).
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Using the bolometric persistent flux, burst recurrence time and burst fluence in
the energy range of 3.5 up to 25 keV, we determined the parameter α . This dimen-
sionless number is used to compare the amount of gravitational energy released by
the accretion of the fuel that powers an X-ray burst with the nuclear energy released
during the X-ray burst burning of that fuel. We only determined this coefficient for
bursts, which allowed unambiguous recurrence time determinations (i.e., those with
recurrence times of '2 hr, see below). We derived α = 49±3, indicating a regime of
mixed H/He fuel (see, e.g. Galloway et al., 2008). We explored correlations between
α , persistent flux, burst recurrence time and burst fluence. No significant correlations
were found. However, α is seen to decrease when the fluence increases, which is as
expected since they are inversely proportional.
Although we did not find any evidence of Eddington-limited radius-expansion
bursts, we did derive an upper limit of the distance to the source using the brightest
X-ray burst of our sample (i.e., the one on MJD 52983.82, see Table 4.1), assum-
ing the peak is below the Eddington limit. We used the burst peak count rate and a
conversion factor between count rate and flux in the energy range of 3–25 keV; i.e.,
148 ctss−1 equals 2.9× 10−8 ergs−1cm−2 (J. Chenevez, 2015, private communica-
tion). We derived a maximum peak flux for that burst of Fx[3− 25keV] = 1.978×
10−8 ergs−1cm−2.2 Assuming canonical neutron star parameters (mass of 1.4 M and
radius of 10 km) and hydrogen-rich accreted material, we then found an upper limit
on the distance to the source of about 9.2 kpc.
Using the upper limit to the distance, we estimated the local mass accretion rate
of m˙. 8% m˙Edd, again assuming a canonical mass and radius for the neutron star (see
Eq. 2 from Galloway et al., 2008).
4.4.3. Short waiting time bursts
We detected four groups of burst doublets with recurrence times of 9–20 minutes
within the doublets (see Fig. 7). The parameters of these bursts are provided in Table
4.2. For each of these bursts we also determined the α parameter. The fluence was
derived using fits to the net-burst X-ray spectrum whenever possible: if the burst was
too weak to allow the extraction of the integrated burst spectrum, we estimated the
2This is the brightest burst observed in our sample; the brightest burst that occurred in the previous
outburst and detected by RXTE/PCA had a lower flux of Fx[3−20keV] = 1.63× 10−8 ergs−1cm−2 (e.g.
Chelovekov et al., 2005).
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FIGURE 4.6: Top: Distribution of burst recurrence times below 6 hr. The black line
shows the distribution of single bursts in our sample with a peak value around 2.3 hr.
Secondary bursts in SWT doublets are represented by the solid blue histograms. Re-
currence times around 4 hr and above are due to gaps in the observations. Bottom:
Distribution of e-folding exponential decay times. The black line shows the distribu-
tion of single bursts in our sample. The data suggest a maximum in the distribution
at around 15 s. Secondary bursts in SWT doublets are represented by the solid blue
histogram.
fluence by converting the burst peak count rate to flux (see Sect. 4.2) and multiplying
it by the e-folding exponential decay time.
Primary bursts in SWT doublets display light curves similar to those of single
bursts in our sample, but secondary burst are∼ 60% weaker with fluences 0.6−0.9×
10−7ergs−1cm−2 and display durations from 11.5 up to 15.5 seconds, shorter than
single bursts in our sample. The average burst profile of these four SWT bursts has
a peak count rate of 22± 2countss−1 and an e-folding exponential decay 5.4± 0.8s.
We do not find any substantial differences in the waiting times before and after SWT
events compared with the single bursts in our study. Primary bursts in SWT doublets
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SWT # MJD Time to Peak τ (s) Eb α
previous burst (h) (ctss−1) (×10−7ergs−1cm−2)
I 52972.05397 2.38 47 33.3 2.4 70.4
52972.06034 0.15 25 11.5 0.6 18.9
II 52975.37217 10.53 66 19.1 1.8 90.7∗
52975.38611 0.33 34 17.3 0.9 26.0
III 52982.65130 2.87 37 18.2 1.6 127.3
52982.65917 0.19 23 – – –
IV 52983.50750 4.49 44 23.6 1.9 85.9∗
52983.51408 0.16 19.4 15.5 0.6 19.3
TABLE 4.2: Parameters for our double SWT bursts.The ∗ in the last column indicates
that these values have been estimated assuming the regular recurrence found in this
work of 2.3 h, since the long times to the previous burst as displayed in the 2nd column
is due to data gaps in the observations.
tend to show α values from 70.4 up to 127. These are higher than the typical α
values found for this work (∼ 49), which suggest that the accreted material is not
entirely burned in the burst (Galloway et al., 2008). The secondary bursts in the SWT
doublets, on the other hand, display α values ∼ 20, so lower than the average α from
our sample, suggesting that fuel left over from the primary burst is contributing to the
burst fluence of the secondary burst.
4.5. Discussion
4.5.1. GS 0836–429 outburst and Type I X-ray burst properties
Using the available data, we have studied the properties of the transient low-mass
X-ray binary system GS 0836–429 over the period 2003–2004, when two outbursts
were detected in X-rays. We have analysed the period November 27 to December 19,
2003 in more detail, when the source was serendipitously detected by the JEM-X and
IBIS/ISGRI instruments onboard INTEGRAL. The average system bolometric lumi-
nosity during the period of the outburst where the source was in the field of view of the
JEM-X instrument was 1.7× 1037 ergs−1 (assuming a distance of 9.2 kpc). The lumi-
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(a) (b)
(c) (d)
FIGURE 4.7: JEM-X light curves (3–25 keV) of the four SWT pairs studied in this
work. In the four cases, the primary bursts are brighter than the secondary bursts.
The secondary bursts do not display the long exponential tails detected in the standard
bursts in this work, indicating a lower H content in the burning fuel. The parameters for
the bursts in these pairs are provided in Table 2. (a) SWT I, (b) SWT II, (c) SWT III,
(d) SWT IV.
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nosity was observed to decrease by ∼ 20% during this period. The average persistent
spectrum of the system was fitted with an absorbed power law (Γ ∼ 1.5) modified
by a cut-off at high energies (at ∼ 57 keV). The non-detection of a soft component
suggests that the source was in a hard state during that part of our observations.
Using the available JEM-X data we detected 61 Type-I X-ray bursts. We fitted the
burst light curve profiles and derived the basic burst light curve parameters: rise time
(on average '7 s), peak luminosity of 1.1× 1038 ergs−1 at 9.2 kpc, and e-folding
exponential decay time (on average '19 s). Fits to the burst spectra allowed us to
derive the apparent burst temperatures ('2 keV), as well as the total energy released
during the bursts (i.e., fluence ' 7× 1037ergs−1).
Similar burst durations, burst fluences, and value for the α parameter are reported
by Galloway et al. (2008), using a sample of 17 PCA X-ray bursts that occurred during
the first 2003 outburst. Chelovekov et al. (2005) also report similar burst profiles and
fluences from their sample, which overlaps with ours. They estimated an α value of
144, however, suggesting that the X-ray bursts were triggered by pure He fuel (but
they concluded that the shape of the bursts was instead consistent with H/He mixed
bursts). We note that they used an average burst duration of 12.3 s, which is shorter
than the average burst duration of ' 50 s derived in this work, and this explains the
higher value of α . Comparing our results with those of Galloway et al. (2008), we
conclude that the burst activity in terms of time scales and energetics is similar in both
outbursts and that the burst triggering mechanism and fuel composition are therefore
the same.
We derive an upper limit to the distance to the source of about 9.2 kpc, consistent
with previous distance determinations by Chelovekov et al. (2005) and Galloway et al.
(2008). We derive an apparent neutron star radius of ∼ 9 km, consistent with the
canonical neutron star radius, which was inferred from fits to the spectrum of a bright
burst in our sample. We derived the local accretion rate onto the neutron star to be
about m˙. 8%m˙Edd. This would correspond to case 2 in Fujimoto et al. (1981), where
it is predicted that for the above, approximately 5 % m˙Edd H is accreted faster than it
can be consumed by steady burning (limited by the rate of β decays in the CNO
cycle), and He ignites unstably in an H-rich environment. The long tails displayed by
the burst light curves and the value of α derived for the bursts analysed in this study
('49) are compatible with this assumption.
We derive a quasi-periodic waiting time of 2.3± 0.5 hr between two successive
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bursts. Quasi-periodic bursting has been found in other sources, the best example
being GS 1826–24, which consistently displays quasi-periodic Type-I bursts with re-
currence times of ∼ 3.56− 5.74 hr (see, e.g., Cornelisse et al. 2003; Galloway et al.
2004, and references therein; but see Chenevez & Galloway (2015). Analysing Bep-
poSAX data of a sample of 9 galactic X-ray bursters, Cornelisse et al. (2003) found
that for luminosities LX . 2× 1037 ergs−1, bursts occur quasi-periodically, and the
burst rate increases linearly with accretion rate. The persistent emission of GS 0836–
429 inferred during our observations, LX = 1.7× 1037 ergs−1, is consistent with this
accretion regime. The non-detection of significant correlations between burst recur-
rence time and flux (hence accretion rate) is probably due to the small variations in
accretion rate during our observations.
4.5.2. SWT bursts
We found four pairs of SWT bursts. The measured recurrence times in these
burst doublets (9–20 minutes) are too short to allow the accretion of enough fresh
material to trigger the secondary bursts. This implies that they are probably triggered
by fuel left over after the primary burst. This hypothesis is supported by the α values
derived for the bursts in the SWT doublets in our sample (see Table 4.2). The primary
bursts in SWT doublets display α values from 70 up to 127, which is higher than the
average α ∼ 49 derived for the single bursts in this work. The secondary bursts, on
the other hand, display lower α values (∼ 20) than the average in our sample. If the
accreted fuel is not completely consumed in the primary burst, the observed fluence
will be lower than expected, and α will be in excess of the expected value (Galloway
et al., 2008). The leftover fuel will be burned during the second burst, for which the
observed fluence will be higher than expected, and α will be smaller than for single
bursts. The profiles of the secondary bursts lack the long tails detected in the single
bursts in this study, which are caused by the rp process. This may indicate that the
fuel burned in secondary bursts has a lower H content than primary bursts and standard
bursts in this work. A study by Boirin et al. (2007) showed that in EXO 0748–676, a
doublet was always more energetic than a singlet. In our case there are normal, single
bursts showing higher fluences than some doublets.
Galloway et al. (2008) found indications that SWT groups happen when the per-
sistent flux is between 2 % and 4 % of the Eddington limited flux and occur predomi-
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nantly in H-rich accretors. However, Keek & Galloway (2010) observed SWT bursts
over the entire range of mass accretion rates where single bursts are observed. Still,
SWT bursts have not been detected from ultra-compact X-ray binaries. Since the neu-
tron star in these systems are thought to accrete He-rich material, this indicates that
the H-burning processes (hot CNO cycle, αp process, rp process) may play a role
in the occurrence of SWT bursts (see Keek & Galloway, 2010). Studying a sample
of 44 H-rich accretors, they found, however, that only 15 of them displayed SWT
events, so accretion of H-rich material is a requirement for producing SWT events,
but not a sufficient condition. Studying the position of H-accreting sources in the
colour-colour diagram, Keek & Galloway (2010) found that SWT bursts are restricted
to the so-called island state, while the occurrence of single bursts can also occur in the
‘banana’ branch. Although the regular burster GS 1826–24 spends most of its time
in the ‘island’ state (see Chenevez & Galloway, 2015), there are no reports of SWT
bursts from this source.
The mechanism triggering SWT bursts is still unclear. One possible scenario pro-
posed by Boirin et al. (2007) is that the observed delay is caused by a waiting point
in the chain of nuclear reactions. A decay reaction with a half-life time similar to the
short recurrence time observed, (like the isotope 13N with a half-life time of 9.97 min)
would stall nuclear burning and provide the observed waiting times in SWT events.
New theoretical models of hydrogen accreting neutron stars are required to reveal the
unknown mechanism that halts the H burning. Another possibility could be that the
secondary bursts in SWT events result from the ignition of an unburned layer above
the ignition depth, which is (rotationally induced) mixed down after the primary burst,
down to the depth where a thermonuclear runaway occurs. The rotationally induced
mixing may explain recurrence times of around ten minutes (Keek & Galloway, 2010,
and references therein). This scenario can explain many of the observed SWT prop-
erties, but has not been reproduced by multi-zone stellar evolution models (see Keek
& Galloway, 2010, and references therein).
It is interesting to note that our bursts from GS 0836–429 show similar exponential
decays (∼ 20 sec), durations (∼ 100 sec), and values of alpha (∼ 50) as the bursts from
GS 1826–24 (see, e.g. Galloway et al., 2008), so that the thermonuclear process and
fuel composition must be comparable. Keek & Galloway (2010) report that neutron
stars with spin frequencies > 500 Hz tend to show SWT bursts, so that in a fast-
rotating neutron star, the fresh fuel could mix more quickly with the ash layers and
106
4.A TYPE I X-RAY BURSTS SPECTRAL AND LIGHT CURVE PARAMETERS
trigger a secondary burst on time scales of minutes. This would suggest that GS
1826–24 contains a slowly rotating neutron star, while GS 0836–429 should exhibit a
quickly spinning neutron star. However, neither for GS 1826–24 nor for GS 0836–429
are neutron-star spin estimates known3, which would confirm this suggestion.
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4.A. Type I X-ray bursts spectral and light curve param-
eters
Various burst parameters are provided in Table A.1, including the pointing ID, the
start of the burst, and the off-axis angle. At high off-axis angles (> 4◦), the data quality
is not sufficient enough to extract a time-integrated spectrum, and not all spectral
parameters are provided for these bursts. The same applies to the weak and short
bursts, such as the SWT bursts. In particular, for the SWT burst at MJD 52982.65917,
which occurs at the end of the pointing, it was not possible to fit the exponential
decay in that light curve. Bursts previously detected by Chelovekov et al. (2005) are
indicated in the MJD column with an asterisk. Parameters extracted from the light
curve fitting are also presented in the table, such as the burst recurrence time, the
rise time, the e-folding exponential decay time, and the peak count rate. The burst
temperatures and burst fluences that were obtained from the spectral analysis are also
shown. Finally, a measure of the persistent luminosity of the source when the Type-I
X-ray bursts occurred is given. In various cases there were observation gaps between
two consecutive bursts.
3 A tentative high-frequency burst oscillation at 611 Hz from GS 1826–24 was reported by Thompson
et al. (2005), but not confirmed, see Watts 2012 for a discussion.
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Pointing Off-axis (◦) Onset (MJD) ∆ t (hr) τ (s) Duration (s) Peak (cts s−1) Eb (10−7 erg cm−2) kT (keV) Lx (1037 erg s−1)
13700150010.001 3.2 52970.59361 — 19.7±0.6 50 55±14 2.9+0.7−0.7 1.8+0.4−0.3 —
13700240010.001 2.4 52970.77731 4.41 32.0±1.2 85 39±8 2.5+1.9−0.8 1.3+0.4−0.3 1.64+0.23−0.22
13700280010.001 4.0 52970.88039 2.47 9.8±0.2 30 81±17 1.3+0.8−0.5 1.5+0.5−0.4 1.82+0.21−0.22
13700330010.001 2.2 52970.97652 2.31 34.9±1.0 80 47±9 2.9+0.6−0.6 2.4+0.5−0.4 —
13700370010.001 4.1 52971.06346 2.08 47.2±1.3 94 43±13 — — —
13700750010.001 2.1 52971.95467∗ 21.39 18.8±0.5 48 61±9 2.4+0.5−0.4 1.9+0.3−0.3 1.87+0.15−0.14
13700800010.001 0.8 52972.05397∗ 2.38 33.3±1.0 88 47±7 2.4+0.5−0.5 1.7+0.3−0.3 1.96+0.36−0.33
13700800010.001 0.8 52972.06034 0.15 11.5±0.8 34 25±6 — — 1.96+0.36−0.33
13700840010.001 2.3 52972.15864∗ 2.36 20.5±0.5 52 59±9 1.1+0.3−0.2 1.8+0.4−0.3 2.00+0.21−0.21
13700910010.001 3.8 52972.32276 3.94 12.4±0.3 35 70±15 2.0+0.6−0.5 2.4+0.8−0.6 —
13800030010.001 2.2 52973.40368∗ 25.94 25.7±0.7 62 54±10 2.2+0.4−0.4 1.8+0.3−0.3 1.77+0.22−0.21
13800080010.001 4.0 52973.50531 2.44 7.3±0.2 25 64±16 3.7+1.0−1.0 2.1+0.6−0.5 1.77+0.21−0.20
13800200010.001 3.8 52973.77511 6.48 20.3±0.5 51 52±14 2.6+2.4−0.9 1.4+0.5−0.4 1.91+0.14−0.13
13800410010.001 3.7 52974.24485 11.28 12.7±0.4 36 66±14 2.5+2.7−1.0 1.3+0.4−0.4 —
13800510010.001 2.2 52974.45362 5.01 24.9±1.9 60 23±7 — — —
13800590010.001 2.2 52974.63962∗ 4.47 10.1±0.3 31 57±9 1.3+0.4−0.4 2.0+0.6−0.5 1.98+0.15−0.15
13800620010.001 2.2 52974.73375∗ 2.26 13.7±0.4 27 67±9 1.9+0.4−0.4 2.1+0.6−0.5 1.97+0.23−0.22
13800670010.001 3.7 52974.84099 2.58 8.5±0.5 38 35±10 — — —
13800710010.001 5.2 52974.93333 2.22 30.0±0.6 92 70±29 — — —
13800900010.001 3.2 52975.37217∗ 10.53 19.1±0.4 49 66±12 1.8+1.0−0.5 1.5+0.5−0.4 —
13800910010.001 3.7 52975.38611∗ 0.33 17.3±0.8 45 34±10 0.9+0.8−0.4 1.3+1.0−0.6 —
13800980010.001 2.4 52975.55933∗ 4.16 11.2±1.1 33 59±9 2.5+0.4−0.4 2.2+0.4−0.3 1.85+0.24−0.23
13900230010.001 3.8 52977.08360 36.58 12.0±0.6 35 32±11 1.1+0.6−0.6 1.7+0.6−0.5 1.77+0.20−0.19
13900320010.001 2.4 52977.29309∗ 5.03 12.5±0.4 46 65±10 4.0+2.0−1.1 1.4+0.4−0.3 1.88+0.24−0.23
13900360010.001 4.0 52977.38241 2.14 23.0±0.8 57 44±14 2.1+0.9−0.6 2.1+0.3−0.3 —
13900400010.001 0.8 52977.46563∗ 2.00 12.0±0.3 35 75±9 1.8+0.3−0.3 2.2+0.3−0.3 1.90+0.35−0.32
13900450010.001 4.1 52977.57044 2.51 23.2±0.5 46 66±16 2.9+7.1−1.3 1.2+0.5−0.5 1.61+0.19−0.18
13900730010.001 3.7 52978.22162 15.63 11.8±0.3 24 60±25 1.3+0.6−0.5 1.5+0.4−0.4 —
13900770010.001 4.1 52978.31238 2.18 37.8±1.2 76 40±13 2.9+0.9−0.8 1.9+0.6−0.5 —
13900800010.001 2.4 52978.39566 2.00 11.2±0.4 33 54±9 2.5+0.8−0.7 1.9+0.9−0.5 1.61+0.24−0.23
13900890010.001 2.2 52978.58350 4.51 13.3±0.2 37 90±12 3.4+0.7−0.6 2.0+0.4−0.4 1.70+0.15−0.14
13900930010.001 4.1 52978.68097 2.34 17.8±0.4 46 68±17 1.7+0.5−0.5 2.2+0.6−0.5 1.72+0.21−0.20
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TABLE 4.3: Continued from previous page
Pointing Off-axis (◦) Onset (MJD) ∆ t (hr) τ (s) Duration (s) Peak (cts s−1) Eb (10−7 erg cm−2) kT (keV) Lx (1037 erg s−1)
13900980010.001 3.2 52978.79877∗ 2.83 25.1±0.5 50 54±11 1.5+0.4−0.4 1.8+0.5−0.4 1.68+0.62−0.56
14000230010.001 2.3 52979.84076∗ 25.01 15.8±0.3 32 84±10 5.8+0.9−0.8 1.7+0.2−0.2 1.81+0.41−0.38
14000270010.001 0.8 52979.93076∗ 2.16 26.9±2.3 64 48±7 1.4+0.3−0.3 2.2+0.4−0.4 1.67+0.21−0.20
14000320010.001 2.1 52980.03770∗ 2.57 16.0±0.4 43 62±9 2.4+0.4−0.4 2.1+0.4−0.3 —
14000360010.001 1.2 52980.12437∗ 2.08 16.1±0.4 43 57±8 2.7+0.9−0.6 1.4+0.3−0.3 1.55+0.19−0.18
14000640010.001 3.8 52980.76314 15.33 28.5±1.2 68 37±12 2.8+0.5−0.5 1.8+0.3−0.3 —
14000720010.001 1.2 52980.95392∗ 4.58 16.2±0.4 32 61±8 2.3+0.3−0.3 2.1+0.2−0.2 1.87+0.36−0.34
14000760010.001 2.1 52981.04882∗ 2.28 17.6±0.6 46 44±8 1.5+1.1−0.5 1.4+0.6−0.4 1.47+0.19−0.18
14000810010.001 0.8 52981.14644∗ 2.34 25.9±0.7 62 57±8 1.1+0.2−0.2 1.9+0.4−0.3 1.59+0.34−0.32
14000850010.001 2.3 52981.24207∗ 2.30 33.2±0.8 77 60±9 1.4+0.3−0.3 2.1+0.6−0.4 1.52+0.19−0.18
14000890010.001 5.0 52981.32780 2.06 12.6±0.3 44 67±25 — — —
14100060010.001 1.2 52982.42880∗ 26.42 24.6±0.7 49 48±7 2.2+0.6−0.4 1.5+0.3−0.3 1.80+0.37−0.35
14100110010.001 4.0 52982.53187 2.47 7.6±0.2 26 77±16 2.8+0.6−0.6 2.0+0.4−0.4 1.45+0.17−0.16
14100160010.001 2.3 52982.65130 2.87 18.2±0.7 57 37±8 1.6+0.6−0.5 1.5+0.4−0.4 1.63+0.28−0.26
14100160010.001 2.3 52982.65917 0.19 — 60 23±7 — — 1.63+0.28−0.26
14100200010.001 4.1 52982.74237 2.00 21.1±0.8 53 42±14 1.5+0.7−0.7 2.0+0.9−0.5 1.45+0.20−0.19
14100240010.001 3.7 52982.82781 2.05 25.8±0.7 73 55±11 3.7+0.7−0.7 2.4+0.5−0.4 —
14100460010.001 3.8 52983.32016 11.82 30.1±1.5 71 42±13 2.1+0.6−0.6 2.2+0.6−0.6 —
14100550010.001 2.4 52983.50750∗ 4.49 23.6±0.6 58 44±9 1.9+1.0−0.6 1.5+0.4−0.4 1.55+0.23−0.22
14100550010.001 2.4 52983.51408 0.16 15.5±1.1 40 19.4±6.4 — — 1.55+0.23−0.22
14100590010.001 4.0 52983.60479 2.18 10.9±0.3 32 57±15 2.6+0.6−0.5 1.7+0.3−0.2 1.49+0.19−0.18
14100630010.001 0.8 52983.71024∗ 2.53 16.5±0.5 44 56±8 1.5+0.3−0.3 2.4+0.5−0.4 1.42+0.43−0.37
14100680010.001 4.1 52983.82023 2.64 14.6±0.2 40 101±18 3.2+0.7−0.7 1.9+0.4−0.3 1.36+0.17−0.16
14100950010.001 3.2 52984.44225∗ 14.93 8.7±0.2 28 88±13 3.0+0.5−0.5 2.2+0.3−0.3 1.69+0.48−0.44
14101000010.001 4.0 52984.54426 2.45 24.3±1.0 59 44±14 1.7+3.0−0.9 1.4+0.9−0.6 2.15+1.40−1.02
14101040010.001 2.3 52984.63308 2.13 16.4±0.5 43 49±9 1.5+0.4−0.4 1.9+0.5−0.4 1.40+0.24−0.23
14101090010.001 4.1 52984.74813 2.76 14.1±0.4 39 63±16 3.4+0.7−0.7 2.2+0.4−0.4 1.26+0.22−0.21
14900030010.001 2.2 53006.42482 — 23.9±0.8 58 44±9 2.1+0.6−0.6 2.0+0.6−0.5 1.49+0.16−0.16
18600820010.001 1.8 53119.17252 — 13.2±0.3 47 68±9 2.0+0.4−0.4 2.0+0.3−0.3 —
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TABLE 4.3: Continued from previous page
Pointing Off-axis (◦) Onset (MJD) ∆ t (hr) τ (s) Duration (s) Peak (cts s−1) Eb (10−7 erg cm−2) kT (keV) Lx (1037 erg s−1)
TABLE 4.3: Table with parameters of the bursts obtained after the analysis of the light curves and spectra. In the 3rd column
we mark the bursts that are also present in the sample from Chelovekov et al. (2005). The last column shows the persistent
luminosity of the source at a distance of 9.2 kpc in the energy range of 5 – 200 keV.
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Short time-scale optical variability properties
of the largest AGN sample observed with
Kepler/K2
Aranzana, Körding, E., Uttley, P., Scaringi, S. & Bloemen, S.
Monthly Notices of the Royal Astronomical Society 2018, volume 476, page 2501A
Abstract
We present the first short time-scale (∼hours to days) optical variabil-
ity study of a large sample of Active Galactic Nuclei (AGN) observed
with the Kepler/K2 mission. The sample contains 252 AGN observed
over four campaigns with∼ 30 minute cadence selected from the Million
Quasar Catalogue with R magnitude < 19. We performed time series
analysis to determine their variability properties by means of the power
spectral densities (PSDs) and applied Monte Carlo techniques to find the
best model parameters that fit the observed power spectra. A power-law
model is sufficient to describe all the PSDs of our sample. A variety
of power-law slopes were found indicating that there is not a universal
slope for all AGN. We find that the rest-frame amplitude variability in
the frequency range of 6× 10−6− 10−4 Hz varies from 1− 10 % with
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an average of 1.7 %. We explore correlations between the variability
amplitude and key parameters of the AGN, finding a significant corre-
lation of rest-frame short-term variability amplitude with redshift. We
attribute this effect to the known “bluer when brighter” variability of
quasars combined with the fixed bandpass of Kepler data. This study
also enables us to distinguish between Seyferts and Blazars and confirm
AGN candidates. For our study we have compared results obtained from
light curves extracted using different aperture sizes and with and without
de-trending. We find that limited de-trending of the optimal photomet-
ric precision light curve is the best approach, although some systematic
effects still remain present.
5.1. Introduction
Active galactic nuclei (AGN) are powered by accretion onto supermassive black
holes in the centres of the galaxies. The material forms a geometrically thin, optically
thick accretion disc that emits mostly in the optical/ultraviolet regime. Considerable
efforts have been directed at studying AGN, trying to constrain the physical parame-
ters of these sources and to understand the accretion disc physics. Since AGN are ex-
tremely distant and compact, direct optical imaging is not possible and indirect meth-
ods are required to investigate their behaviour. Reverberation mapping has proved to
be a useful tool to estimate the black hole mass, using the Doppler broadening of the
emission lines and the distance to the broad line region (e.g. Peterson et al., 2004).
The latter is measured from the light travel time delay of the continuum emission to
the broad line region. Another common indirect method applied to these sources is
the time-series analysis of their light curves, since AGN present intrinsic variability
observed at different wavelengths from radio to X-ray and gamma-ray and on a broad
range of time-scales from hours to years (e.g. Mushotzky et al., 2011). Using tim-
ing techniques we can give insight into the characteristic time-scales and potentially
constrain disc parameters such as the viscosity parameter, α (Starling et al., 2004).
Long-term optical variability studies have been performed in the past decades,
mainly dedicated to determine the properties of a well defined sample, i.e. the Palomar-
Green quasars observed with the WISE observatory (Giveon et al., 1999) or the Sloan
Digital Sky Survey (SDSS) (Vanden Berk et al., 2004; Sesar et al., 2007; MacLeod
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TABLE 5.1: Observations of AGN with Kepler/K2 mission at 30 min cadence during
four campaigns. It indicates the coordinates of the center of the field of view, the
duration of the observation, the date and the number of AGN observed in each field.
Field RA Dec Start Stop Sources
0 06:33:11 +21:35:16 2014/03/12 2014/05/27 37
1 11:35:46 +01:25:02 2014/05/30 2014/85/21 149
2 16:24:30 -22:26:50 2014/08/23 2014/11/13 13
3 22:26:40 -11:05:48 2014/11/14 2015/02/03 76
et al., 2010). The ground-based optical observations have the disadvantage of being
subject to the atmospheric turbulence, which can introduce photometric errors (see
comparison of Kepler and ground-based telescopes in Mushotzky et al. (2011)) hiding
the intrinsic variability from the source, especially on short time-scales where variabil-
ity amplitudes are small. These optical variability studies have been also limited by
the sparse sampling, with only a few hours of continuous short cadence observations.
Recently, there have been a small number of studies on short-term variability using
Kepler observations, mostly focused on bright sources situated in our local Universe.
This mission can provide unprecedented accurate and continuous short cadence light
curves, excellent for time-series analysis. Mushotzky et al. (2011) studied 4 AGN
observed with Kepler and determined that the power spectral densities (PSDs) are
consistent with a power-law fit with slopes of −2.6 to −3.3, higher than those seen in
X-ray PSDs. More recently, Edelson et al. (2014) studied the AGN Zw 229−15 dis-
covering a 5 day break in the power spectrum associated to a characteristic time-scale
of the system. The latter can be associated with either the dynamical or the thermal
time-scale for an α ∼ 0.1 and an emission distance of 100−1000 Schwarzschild radii.
Given the limited studies on optical short-term variability of AGN, well sampled
observations and an unbiased sample of sources are needed to give insight into the
physical processes generating the optical fluctuations. Moreover, there have been
many studies focused on blazars, where the optical variability is thought to originate
in the shocks produced by the relativistic jet, and not many on radio quiet quasars
where the optical variable emission comes from the accretion disc (Cellone et al.,
2007; Carini et al., 2011; Ruan et al., 2012; Edelson et al., 2013). Therefore, a larger
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sample of AGN containing objects of different classes with different luminosities and
at different distances is required to probe the short-term variability of the population
of AGN in the Universe.
In this work we present a flux-limited catalogue of 252 AGN observed with the
Kepler/K2 mission containing various classes of AGN, the majority situated in our
local Universe up to redshift ∼4. We explore their power spectral densities to deter-
mine their variability amplitudes and their true shape. This is the first large statistical
study of AGN on optical short-term variability with a sample containing hundreds of
sources. The source selection, the observations and the data extraction are given in
Section 2; the time-series analysis methods and simulations are described in Section
3; and the results and the discussion are reported in Section 4 and 5, respectively.
5.2. Observations and sample selection
5.2.1. The K2 sample of AGN
We performed observations of a selected sample of AGN with the K2 mission
(Howell et al., 2014), the new re-devised mission of Kepler. With its large field of
view∼ 105deg2, Kepler can monitor hundred of thousand of sources every 29.4 min-
utes with a duty cycle > 90%. The Kepler photometer utilizes one broad bandpass,
ranging from 420 to 900 nm. In the current K2 mission each campaign consists of
monitoring a unique region of the sky for ∼80 days, performing both long cadence
observations of 29.4 minutes as well as short cadence ∼1 minute observations of a
limited number of targets. The K2 mission observes thousands of sources in each
field in long cadence and tens of sources in short cadence mode, less than the original
mission.
By selecting only sources with a known R band magnitude brighter than 19, the
probability of being a quasar is greater than 75%, yielding 547 candidates. We pro-
posed to observe the 200 brightest Quasars that fall on silicon (K2fov flag = 2) from
the “Million Quasars Catalogue, Version 3.7” (see Flesch, 2013). The first campaign
(C0) was implemented to prove that the mission was still viable, but it was not point-
ing accurately at the beginning of the campaign. This caused the available data to only
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FIGURE 5.1: Upper: Redshift distribution of the sample, where a large number of
sources are in our local Universe. Lower: Distribution of the b′ magnitudes, the ma-
jority have a brightness of ∼ 19 mag.
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FIGURE 5.2: Upper left: Kepler/K2 ‘optimal’ light curve of EPIC number 201805756
(SDSS J112328.12+052823.2). The light curve spans over 80 days with a gap when
the telescope turned to transmit data. Upper right: Same light curve de-trended.
Lower: Largest aperture extracted light curve using 66 pixels where the S/N ratio
is much lower than the optimal light curve (8 pixels extraction).
116
5.2 OBSERVATIONS AND SAMPLE SELECTION
cover∼35 days. Only 49 AGN candidates were observed, but more observations were
needed to statistically link the variability properties with parameters such as the black
hole mass, the redshift and the luminosity. For that reason we pursued monitoring
during campaigns C1, C2 and C3 to observe more quasars. The final sample consists
of 252 AGN observed during campaigns 0 to 3, including radio-galaxies, Blazars,
Seyfert 1 and Seyfert 2 (see Table 5.1). The majority of the sources were selected
from the SDSS, thus most of them have known redshifts and masses. The distribution
of redshifts and the b′ magnitudes of our sample are shown in Fig. 5.1. For the major-
ity of the sources used here the b′ magnitudes listed in the Million Quasar catalogue
were extracted from POSS-I (Minkowski & Abell, 1963).
5.2.2. Light curve extraction and systematic effects
We used the Mikulski Archive for Space Telescopes portal (MAST) to retrieve
the K2SFF light curves (Vanderburg & Johnson, 2014). These light curves have been
corrected for the photometric variability caused by jitter in the precise pointing of
the spacecraft using a self-flat-fielding (SFF) approach. This correction improves the
photometric precision by a factor 2− 5. In addition, data points taken when Kepler
fires its thrusters are removed (see Vanderburg & Johnson, 2014, for details).
Two types of aperture are considered: a circular aperture around the target and
a region defined from the telescope’s pixel response function (PRF) (Bryson et al.,
2010). For both types of aperture, light curves were extracted for a series of different
aperture sizes and the photometric precision of each light curve was measured using
the Combined Differential Photometric Precision (CDPP) metric, similar to the one
used by the Kepler pipeline. This metric measures the photometric stability over a
6-h period. The aperture that provides the best photometric precision in this metric is
selected as the ‘optimal’ aperture. This ‘optimal’ aperture is designed to be ideal for
planet searches, but is not necessarily ideal for other variability studies.
The K2 light curves suffer from a series of systematic effects that could affect
our study on short-time variability of AGN, and the degree to which light curves are
affected is strongly dependent on the aperture size. Apart from the pointing jitter men-
tioned above, which can mostly be corrected for, there are two important systematics
that are difficult to account for and that can strongly affect the light curves on longer
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time-scales: the differential velocity aberration (DVA) and the Moiré effect. The latter
is caused by the crosstalk between the four fine guidance sensors channels and the 84
readout channels. Also a high-frequency oscillation that arises from an instability of
the amplifiers generates a time-varying Moiré pattern and a rolling band, seen in the
light curves as ripples with time-scales of days. The channels affected by the rolling
band are listed in Table 13 of Kepler Archive Manual 1. Since there is no procedure
to mitigate this effect we will further indicate the light curves of this study that can be
affected by the rolling band (Clarke et al., 2014).
The DVA originates from the annual motion of the spacecraft around the sun.
While observing a certain region of the sky, the angle with respect to the velocity
vector of the spacecraft changes, which causes the target point spread function (PSF)
to move across the detector at the sub-pixel level. Since the aperture that is used
never completely captures all the flux in the PSF, this drift causes the fraction of flux
captured by the selected pixels to change with time. This is translated into falling or
rising slopes in the light curve, showing a variability in the quarter that is not intrinsic
to the source.
The DVA effect on Kepler light curves has been pointed out in previous studies
of AGN, where different authors used different approaches to alleviate this effect. An
option commonly used is to correct the light curves using co-trending basis vectors
(CBVs), which represent the most common trends found in each channel. The main
problem of using them, is that there is not a clear way to ensure that we are only
removing the artefacts and not the intrinsic variability of the system in study (see
Kinemuchi et al., 2012). Another approach has been to remove the linear trend from
the whole light curve by “end-matching” (Mushotzky et al., 2011; Wehrle et al., 2013).
In general, de-trending the light curves has to be done with caution because of the
inherent risk of removing intrinsic variability.
The number of pixels that were stored per target on board of the spacecraft is
much larger during K2 than during the nominal Kepler mission. Larger apertures
can therefore be used. As the fraction of flux near the edges of the aperture is much
smaller for larger apertures, which extend further into the wings of the PSF, light
curves extracted using larger apertures are less affected by the DVA effect. The draw-
back of using larger apertures is an increase in noise caused by additional background
1https://archive.stsci.edu/kepler/manuals/KSCI-19033-001.pdf
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light and readout noise from the CCD, and a higher chance that the light curve gets
contaminated by light from other nearby sources (so-called ‘third light’).
Therefore, using relatively small apertures is advantageous if it is possible to re-
move most of the instrumental trends in the light curves without significantly influ-
encing the results of the analysis. For the analysis in the this paper, we used three
different light curves for each source:
the ‘optimal’ light curve: the light curve selected as optimal in Vanderburg &
Johnson (2014).
a de-trended light curve: the ‘optimal’ light curve de-trended by dividing the
light curve by a sine curve with a fixed orbital period of 372.53 d (the period of
motion of the satellite around the sun) and a fitted phase and amplitude.
PRF9: the light curve with the largest PRF-shaped aperture available in Van-
derburg & Johnson (2014). This light curve is the least affected by DVA.
An example of the three types of light curves is shown in Fig. 5.2. In Sec. 5.3.1 and
Appendix 5.A we explore the influence of de-trending on the results using simulated
light curves. We find that trends significantly influence the derived spectral slope
and that de-trending allows one to recover the original slope. We also show that
for a large sample, the differences between large apertures and de-trended ‘optimal’
aperture light curves are not significant.
5.2.3. Outlier removal
For each light curve obtained from MAST we have filtered the outliers that can be
associated with cosmic rays or systematics from the detector. For that, we calculated
the difference between each data point and the next, filtering out data points that were
deviating more than two times the standard deviation of the entire light curve. This
filtered less than < 1%, since we do not want to subtract intrinsic variability from the
source. The standard deviation is significantly larger than the expected Poisson noise,
as the power spectrum of AGN is dominated by red noise.
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FIGURE 5.3: Power spectral density of the quasar 201805756. The green solid line
indicates the observed power spectra and the black filled circles the best simulated
power spectra with errors. The power-law model fits well the observed power spectrum
with a power-law index of −2.4 and a confidence of 83%.
5.3. Methods
The optical AGN light curves show aperiodic fluctuations, for that reason time-
series analysis was performed to characterize the broad-band red noise of each sys-
tem. This technique, that has been extensively applied to X-ray light curves con-
sists in splitting the light curve into segments of equal duration and then computing
the power spectra for each of the segments independently. Then, they are averaged
and log-binned to obtain the PSDs (see for a full description Papadakis & Lawrence,
1993). The Kepler AGN light curves contain gaps that in some cases may be long,
as seen in campaign 1 and 2, where there is a three day gap as Kepler turned to point
its antenna towards the Earth to transmit data (see Fig. 5.2). Since the gap is in the
middle of the observation we split the light curve in two halves and then each half in
3 segments. In campaign 3 there is no long gap so the light curves are directly split in
6 segments. Thus, for the analysis of these light curves we calculated Lomb-Scargle
periodograms (Lomb, 1976; Scargle, 1982) on six non-overlapping segments of ≈13
days duration. For campaign 0 we only used 3 segments as the duration was shorter
than for the other campaigns. Once the observed PSDs for the six segments were
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FIGURE 5.4: Probability distribution of the different power-law models with power-
law indices ranging from −1.0 to −3.5 for the quasar 201805756, indicating that the
slope with the highest probability is −2.4.
obtained we applied the rms normalisation (Miyamoto et al., 1991), and we averaged
them. We averaged the logarithm of power in each frequency bin. By doing this the
errors will be symmetric and the minimisation function to compare the observed and
the modelled power spectra will be linear, so that it will easily converge and find the
right set of parameters, thus we obtained < log10 Pobs >. We measured the white noise
that dominates at high frequencies (> 10−4 Hz) in the power spectrum to determine
the intrinsic PSD. The latter is needed to compute the fractional root-mean square
variability (RMS) from each target.
Generally, the power spectral densities of AGN present a power-law index of −2
at higher frequencies and if the observation lasts long enough a break at lower fre-
quencies can also be observed (e.g. Uttley et al., 2002b). The light curves studied in
this work have a duration of 80 days, and they present a very strong red-noise-leakage
effect, so that the power from low frequencies can leak to high frequencies, and as a
result the power spectra look flatter than the true PSD (e.g. van der Klis, 1997). Since
this effect changes the real shape of the PSD, in order to fit them we applied a Monte
Carlo routine known as PSRESP developed by Uttley et al. (2002b). The main idea
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of this method is that by simulating a light curve 1000 times longer than the original
one with a custom power-spectral shape and applying the same sampling pattern as
the observed light curve we can determine the real power spectral shape.
Using the information that we can extract from the observed light curve and its
PSD, namely the sampling pattern, the standard deviation and the mean flux, we sim-
ulated the light curves using the Timmer & Koenig (1995) routine. This algorithm
takes a custom power spectrum model, i.e. broken power-law, power-law, and derives
a light curve with the corresponding power spectrum shape provided as input by the
user. Kepler AGN light curves are not ideal to detect the frequency breaks detected
in previous works with ground based telescopes as these observations have a duration
of 80 days (Mushotzky et al., 2011). Thus, we created the simulated light curves us-
ing a simple power-law model with a power-law index β . We did notice a bend at
low frequencies but this is an artificial effect caused by the Lomb-Scargle routine (see
Fig. 5.3). As a test we performed a Fast-Fourier Transform on the same data and the
flattening was not observed. After choosing the model with a certain β we generated
a light curve 1000 times longer than the observed one. In order to save computing
time we extended the length of the light curve to the next greater power of 2, since
the Fast-Fourier Transform is more efficient. Once the long light curve was generated
we chose only a section of the light curve that is 1000 times longer than the original
one and we discarded the rest. Then we split the resulting light curve into 1000 seg-
ments that have exactly the same length as the original light curve. After applying the
observed sampling pattern to each one of those, we computed the 1000 PSDs treating
their light curves exactly in the same way as the observed PSD (splitting in segments,
applying Lomb-Scargle, normalising it, averaging and log-binning).
We obtained the averaged simulated PSD by averaging the 1000 PSDs, < log10 Pmod >,
and then we minimised the distorted model χ2 statistic, χ2dist, to find the best normal-
isation and the noise for the power spectrum. The simulated PSD error is computed
as the root-mean-square spread about the mean of the simulated 1000 PSDs that have
been logarithmically binned, δPmod.
χ2dist =
N
∑
i=1
[log10(10
(k+<log10 Pmod>)+Cnoise)−< log10 Pobs >]2
δP2mod
(5.1)
Here N is the number of simulated light curves, < log10 Pobs > is the observed PSD,
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k is the normalisation and Cnoise is the constant to account for the Poisson noise. For
an optimal performance of the fitting, we decided to remove the first three bins of the
PSD at low frequencies, since each bin contained less than four data points. Having
obtained the best normalisation, the Poisson noise level and the minimum χ2dist we
estimated the goodness of the fit comparing with the observed PSD as described in
Uttley et al. (2002b). Thus, we obtained the p-values that indicate whether the model
describes the data well. We performed this procedure for different power-law models,
different power-law indices in a range from −1.0 to −3.5 in steps of 0.1 to find the
model that best fits the observed PSD. The power-law index β with the highest accep-
tance probability will be the best match for the observed power spectrum. The upper
and the lower limit for β are the ones for which the probability is at 10 %. Then,
the final Psim that best describes the observed power spectrum is computed using the
< log10 Pmod > with the highest probability and the normalisation k and noise level
obtained in the minimisation:
log10 Psim = log10(10
(k+<log10 Pmod,opt>)+Cnoise (5.2)
In addition, the fractional rms from the observed and the simulated PSD was obtained
by integrating the intrinsic power spectrum (white noise subtracted) in the frequency
range 6×10−6−1×10−4 Hz:
σ(%) =
√∫ ν2
ν1
Psimdν (5.3)
In order to calculate the rms in the quasar rest-frame and thus correct from time di-
lation we used the approach of Almaini et al. (2000). We used the redshift values
extracted from the Million Quasar Catalogue, and for the cases with no estimated
value in the literature we used the median of the whole sample that is 0.918:
σrest (%) = (1+ z)(β−1)/2σ(%) (5.4)
The fractional rms error is then calculated by error propagation and using the errors
derived in the analysis for β .
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5.3.1. Effect of the DVA
We have explored the effect of an instrumental trend on 1000 artificial indepen-
dent light curves generated using the method described by Timmer & Koenig (1995).
We chose a a power-law spectrum model with a slope of −2, similar to what have
been observed in other AGN. We treated them as real light curves by putting the same
sampling pattern as observed in one of the K2 light curves. Then, we applied the
PSRESP method to find the best slope β that matches the “observed” power spec-
trum. We found that the average slope of the 1000 light curves was indeed −2. Then,
we introduced a trend in all the light curves similar to the trends observed, and we ran
the PSRESP method again. We found that the average β is steeper than the original
ones, at ≈ −3. An example of an artificial light curve and the same with a trend are
shown in Fig. 5.12. When de-trending these light curves fitting a sine curve, as we
did with the real light curves above, and running again our pipeline we retrieved the
average slope of −2 (see histogram in Fig. 5.14). More detailed information can be
found in the Appendix 5.A. This shows that de-trended light curves are very similar
to the real light curves and that removing a sine curve at only one frequency, in this
case the orbital period of the satellite, eliminates the dominant long-term instrumental
trend. However, there is still evidence of small spurious signals, e.g. the sudden dip
in the light curve at day ∼ 65, as seen in sources 201167738, 201185828, 201189418
and 201207010. These sources were observed with neighbouring CCDs on the edge
of the field-of-view, and this area was affected by a third light source (e.g. ghosting).
The parameters derived in the analysis of these AGN are consistent with the rest of
the sample.
As explained in Sec. 5.2.2 we used three different data sets: ‘optimal’ light curves,
de-trended ‘optimal’ light curves and aperture PRF9 light curves. We ran the PSRESP
pipeline on all three datasets. The power-law indices obtained using the de-trended
‘optimal’ light curves and the PRF9 light curves are within 1σ of each other, as shown
in Fig. 5.15. Moreover, the average slope is very similar: 2.2± 0.5 and 2.1± 0.6
respectively. The PRF9 light curves suffer the least from the DVA effect as explained
above. Since the results based on the de-trended ‘optimal’ light curves are very close
to those of PRF9, we use de-trended ‘optimal’ light curves for further analysis as
they are less affected by Poisson noise. We would like to remark that even though
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FIGURE 5.5: Uniform distribution of the probabilities of the modelled PSDs for the
252 AGN from the MQ catalogue.
de-trending with a single sine curve was shown to be a safe and very effective option
in this case, caution is needed when de-trending because it is possible that intrinsic
variability of the system gets removed.
5.4. Results
We have analysed 252 AGN using the PSRESP method to find the best-fitting
power-law power spectral model of each system and derived the variability amplitude.
A short version of the catalogue of sources observed with Kepler/K2 is presented in
a table in the Appendix (see Table 5.3) and the full table can be found on-line. As
explained in the previous section we used the de-trended light curves for the detailed
analysis. However, we added in the table the power-law indices retrieved for the ‘op-
timal’ light curves and the PRF9 light curves for reference. The table includes the
general properties derived from the Million Quasar Catalogue (hereafter MQ) and the
variability properties derived from this work. When cross-matching the observed tar-
gets with the latest version of the MQ catalogue we noticed that 23 objects did not
appear in the current version. These sources were in the catalogue at the time of the
proposal and they might have been removed because of their low false alarm probabil-
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ity. For that reason we have only considered the targets that are in the current version
of the MQ catalogue for the detailed analysis, yielding a sample of 252 sources. We
further discuss the possibility that some of the unidentified sources may also be AGN
by exploring their variability properties.
5.4.1. AGN of the Million Quasar Catalogue
We present the results of the Monte Carlo simulations performed on the confirmed
AGN to determine their best-fitting power-law PSD using the de-trended light curves.
We mostly used the ‘optimal’ de-trended light curves but will also show in the table
the ‘optimal’ light curve and PRF9 light curves results for comparison. We used a
simple model of a power-law with varying power-law index. An example of a fitted
PSD is shown in Fig. 5.3 where the solid green line indicates the observed PSD and
the black filled circles the simulated PSD. As explained in the previous section there
is an artificial flattening at lower frequencies introduced by the Lomb-Scargle routine,
but the first three bins were eliminated when comparing the observed and the simu-
lated power spectra by means of the χ2dist. In the case of the PSD shown in Fig. 5.4
the power-law index is −2.4±0.5 and a goodness of fit of 83 %. After analysing all
the targets in an analogous way we computed the probability distribution of the whole
sample (see Fig. 5.5). The distribution of the p-values is uniform, this implies that all
the data are consistent with a simple power-law model. For example, there are only
3 sources out of 252 with a p-value < 1%, which is exactly what we should expect if
the simple power-law hypothesis is sufficient to explain the data for the entire sample.
In the final catalogue that we present here we include all the fitted parameters, the
acceptance probability and the observed and simulated fractional rms. It also contains
the rest-frame simulated fractional rms, namely the variability amplitude corrected for
time dilation, and its error. Additionally, the table has the basic parameters derived
from the MQ catalogue such as the b′ and r′ magnitudes, the AGN type and the red-
shift.
We computed the distribution of power-law indices for the whole sample using the
de-trended light curves, being the average −2.2±0.5 as shown turquoise in Fig. 5.6.
The distribution of power-law indices using the ‘optimal’ light curves is also shown in
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FIGURE 5.6: Histogram of the power-law indices obtained using the ‘optimal’ light
curves in white and the ‘optimal’ de-trended light curves in turquoise. The values of
the two samples overlay and span from−1.0 to−3.5 with an average power-law slope
of −2.5 and −2.2, respectively.
white in Fig. 5.6. It is skewed and peaks at around−2.5±0.5, steeper than the slopes
derived using the de-trended light curves. This is similar to what have been shown in
the previous section using artificial light curves. The variety of slopes found indicate
that there is not a unique power-law index that describes the whole sample. There is
no correlation observed between the probability and the parameter β , which indicates
that there is no specific tendency for the best fitted cases to have a certain power-law
index.
We also present the distribution of the rest-frame fractional rms measured in the
simulated power spectra in Fig. 5.7. The mean rest-frame fractional rms is 1.7 %.
There is one case EPIC 201184312 with a large value of amplitude variability of 26
%, showing a fast strong variability with multiple flares, which is the typical behaviour
of a blazar (Healey et al., 2008).
In addition, we explored whether there is a correlation between the amplitude of
variability and the redshift, using both the simulated fractional rms that we observed
and the rest-frame fractional rms (see Fig. 5.8). To generate these figures we have
excluded the cases with a large fractional rms of > 20 % (to exclude the blazar) and
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we only used those AGN in our sample with known redshift. There is an apparent
correlation between the rest-frame amplitude of variability and the redshift, thus we
performed a Kendall rank correlation test to check if there is a monotonic correlation.
Being the null hypothesis the absence of association between the two variables we
have to reject it as the p-value is 3× 10−8 and the tau statistic is τ = 0.24. Accord-
ing to this it might be a highly significant trend in the data, so that sources at higher
redshift show larger variability, we further discuss the different physical explanations
in Sect 5. Moreover, we do not find a significant correlation between the measured
fractional rms and the redshift as the p-value is 0.02 and the tau statistic is τ = 0.1.
We have also explored whether the different sub-classes of AGN in our sample
show different variability properties. The sub-classes were extracted from the MQ
catalogue and are indicated in the table shown in the Appendix. We have made three
categories, 50 Seyfert I galaxies, 182 quasars and 5 blazars. There is only one Seyfert
2 type in our sample and 14 sources are unclassified. There is not a significant differ-
ence in the power-law index of the different categories. The rest-frame amplitude of
variability shows that the Seyferts are indeed at lower redshift and show lower vari-
ability than the bulk of the quasars (see Fig. 5.9). The sources classified as blazars do
not present larger variability compared to the rest of the sample. The source with an
amplitude of variability of 26 % is classified as a Seyfert I in the MQ catalogue but in
other catalogues it is a blazar. The strong short-time variability derived in this work
suggests that this source is indeed a blazar.
5.4.2. Unidentified sources
We have also analysed the sources that were extracted from the MQ catalogue
for the proposal but were removed in the current version of the catalogue. The latter
might be explained by their low probability or absence of spectroscopic confirma-
tion. However, some of these objects can be identified as AGN if they share the same
variability properties as the MQ sample. We present a list of 4 sources that we think
might be AGN since their PSDs show clear broad-band aperiodic noise and the av-
erage amplitude of variability is 1.3 %, of the same order as the MQ sample, and
this is also confirmed by direct inspection of the light curves. For these sources the
fit describes well the observed power spectra with an acceptance probability > 50 %.
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FIGURE 5.7: Distribution of the rest-frame fractional rms. The quasar with a frac-
tional rms of ∼ 26% corresponds to a blazar with EPIC number 201184312. A zoom
on the histogram is provided in the upper panel, both are normed so that the integral
over the range is 1.
10-1 100
Redshift
10-1
100
101
R
e
st
-f
ra
m
e
 f
ra
ct
io
n
a
l 
rm
s 
(%
)
10-1 100
Redshift
10-1
100
101
σ
re
st
(%
)
FIGURE 5.8: Upper: Simulated fractional rms versus the redshift. Lower: Correlation
between the rest-frame fractional rms and the redshift for the AGN with known redshift
and excluding the blazar.
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TABLE 5.2: Sources not identified in the MQ Catalogue. The table includes the EPIC
number, the best negative power-law index β for the ‘optimal’, PRF9 and de-trended
light curves. For the de-trended cases the table shows the acceptance probability, the
observed and fitted fractional rms, and the fractional rms corrected from time dilation
using as redshift the median of the MQ sample.
EPIC RA DEC βopt βPRF9 βdet Probability (%) σobs (%) σfit (%) σrest,fit (%)
205993418 335.2285 -15.0134 2.32+0.79−0.80 1.53
+0.82
−0.82 1.66
+0.57
−0.52 61.2 0.65 0.70 0.87±0.08
206062517 329.7345 -13.0884 1.79+0.66−0.66 1.26
+0.90
−0.90 1.53
+0.61
−0.61 90.7 1.05 1.07 1.27±0.11
206072629 329.8968 -12.8165 2.71+0.57−1.11 2.05
+1.07
−1.06 1.92
+0.72
−0.65 81.1 0.84 0.82 1.11±0.18
206454152 335.6067 -5.7358 2.45+0.61−0.68 1.39
+0.91
−0.91 1.39
+0.56
−0.56 83.6 1.82 1.84 2.09±0.12
They are listed in Table 5.2 with their coordinates, fitted power-law index, the ac-
ceptance probability, the fractional rms and the rest-frame fractional rms. Since the
redshifts are unknown we used the median of the whole sample 0.918 to estimate the
rest-frame amplitude variability. There was not a coincident source for the first three
objects listed in Table 5.2 in any of the consulted catalogues, therefore they are un-
classified or new sources. However, the EPIC 206072629 can be associated with the
X-ray source 1RXS J215935.6− 124859, for which there is no more information in
the literature.
5.5. Discussion
We have analysed the light curves of the largest sample of AGN (252) to date
observed with Kepler/K2 at cadences of ∼ 30min and generated a catalogue with all
the variability properties derived from the study of their PSDs (see Table 5.3 and the
full table on-line). The PSDs were fitted using the Monte Carlo technique assuming
a simple power-law model that satisfactorily fit all of the AGN in our sample. Hence,
breaks and QPOs are not required to describe the PSDs of AGN observed with Ke-
pler/K2. We have also calculated the fractional rms and explored the correlation with
the redshift.
5.5.1. Systematic effects
K2 light curves suffer from instrumental signals. The most relevant systematics
for our study are the differential velocity aberration effect and the Moiré pattern that
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FIGURE 5.9: Correlation between the rest-frame fractional rms and the redshift for
the AGN with redshift for different types of AGN in the sample.
is seen in some targets. There are 12 AGN in our catalogue whose light curves might
be affected by the Moiré effect and the rolling band and are indicated with a star in the
catalogue. Even though these sources do not present different properties compared to
the non-affected ones, they must be treated with caution. We have extensively studied
the effect of the DVA effect, and found that de-trending the light curves with a sine
curve at the orbital period of the satellite is the best approach to mitigate the long term
instrumental trends. This does certainly not remove all systematics, which is a clear
disadvantage of using Kepler, which was designed to be stable on typical time-scales
of less than a day. Using larger apertures also minimizes the effect but the associated
increase in noise limits the use of these data.
5.5.2. Comparison with previous variability studies
In this work a simple power-law model adequately describes the PSDs of our sam-
ple, but we cannot rule out the presence of a frequency break at lower frequencies in
the power spectra. The high frequency break in the PSDs is expected to be at about a
year time-scale. For the analysis we split the light curve in segments and then deter-
mined the Lomb-Scargle periodogram, so that the lowest frequency that we can reach
is > 10−6 Hz. Mushotzky et al. (2011) report similar results, they fitted the PSDs of
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four Kepler AGN with a power-law model. However, it is known from previous vari-
ability studies in the X-rays that a break to a slope of −1 is present (see Uttley et al.,
2002b; Markowitz et al., 2003; González-Martín & Vaughan, 2012; Marshall, 2015).
The latter seems to correlate with the mass of the black hole, so that the more mas-
sive the black hole is the longer is the characteristic time-scale (see McHardy et al.,
2006). Likewise, using Kepler observations Shaya et al. (2015) report similar breaks
at ∼ 1×10−6 Hz for a large sample of AGN. Moreover, in recent studies of the AGN
Zw 229–15 they found a break at 2.3×10−6 Hz where the slope changes from −2 to
−4 (Carini & Ryle, 2012; Edelson et al., 2014). This 5 day characteristic time-scale is
not consistent with the viscous time-scale as it should be of the order of years for that
object. But there should be a break at much longer time-scales not covered by Kepler
similar to what has been found in other studies on variability. According to the work
presented here there is not such a break on fast time-scales, but further investigation
is needed to constrain the optical PSD shapes of AGN in the high frequency domain
to better understand the physical processes and the origin of the fast variability ob-
served. The X-ray emission is thought to originate very close to the black hole in the
corona, whereas the optical emission is coming from the accretion disc itself, both
due to intrinsic disc emission as well as reprocessed light due to X-ray heating of the
disc.
The average measured power-law index of −2.2 reported in this work is slightly
steeper than the slope of −2 found in the X-rays, moreover we find a wide range
of power-law slopes from −1 to −3.2 (see Uttley et al., 2002b; González-Martín
& Vaughan, 2012, for the X-ray PSD slopes). Power-law slopes of −2 are consis-
tent with the the damped random walk (DRW) model, one of the most commonly
used models to study optical variability (e.g. Kelly et al., 2009). Similar results as
in X-rays have been reported in optical variability studies on longer time-scales than
studied here using ground-based surveys such as the Palomar-Green quasars (Giveon
et al., 1999), MACHO (Kelly et al., 2009) and SDSS Stripe 82 (MacLeod et al., 2010).
However, the DRW model fails to capture the behaviour exhibited by AGN observed
with Kepler as demonstrated by Kasliwal et al. (2015). Recent studies on Kepler AGN
report steep PSDs (see Shaya et al., 2015; Mushotzky et al., 2011; Edelson et al., 2014)
but also in an even more recent study of AGN using the PTF/IPT survey (Caplar et al.,
2017). The steep slopes observed could be attributed to viscous damping of high fre-
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quency accretion fluctuations combined with the filtering effect of the extended disc
emission region responsible for the emission in the Kepler bandpass (e.g. see Aré-
valo & Uttley, 2006, for a discussion of the effects of an extended emission region on
light curves driven by accretion fluctuations). Steep PSDs are also in better agreement
with magnetohydrodynamics simulations (MHD) of accretion discs (e.g. Reynolds &
Miller, 2009). The variety of slopes from −1 to −3.2 found here are consistent with
previous results described by the DRW model but also with recent studies reporting
steeper slopes.
5.5.3. Correlations with physical parameters
We explored the correlations between the amplitude of variability and parameters
of the system such as the redshift and the bolometric luminosity. In Fig. 5.8 we pre-
sented a correlation between the rest-frame amplitude of variability and the redshift,
so that the variability seems to be larger at higher redshift. This correlation has been
reported in previous studies (e.g. Giveon et al., 1999; Vanden Berk et al., 2004), but
not in recent variability studies of AGN such as the PTF/IPTF or the PanSTARRS1
survey (see respectively Simm et al., 2015; Caplar et al., 2017).
We consider it unlikely that there is a cosmological evolution of the variability
amplitude, since AGN of a given luminosity do not show any evidence for evolution
in their spectral energy distribution (Steffen et al., 2006), indicating that the central
engines are the same regardless of redshift. The most likely explanation for the cor-
relation between the rest-frame amplitude of variability and the redshift is that it is
caused by the known “bluer when brighter" effect in quasar variability, arising from
the fact that emission at shorter wavelengths is more variable (e.g. di Clemente et al.,
1996; Cristiani et al., 1997; Giveon et al., 1999; Vanden Berk et al., 2004). Sun et al.
(2014) show that the effect is time-scale dependent and even stronger on the short
time-scales we consider here. For example, on time-scales of 20 days, Sun’s low red-
shift sample shows a 20 per cent increase in variability amplitude from SDSS r to
g bands, while Zhu et al. (2016) use similar methods with GALEX data to show a
50 per cent increase in variability amplitude from NUV to FUV. The wavelength dif-
ferences corresponding to these changes in variability amplitude are relatively small
(∼ 30 per cent or less), compared to our redshift range of z = 0 to ∼ 2, leading us to
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FIGURE 5.10: Correlation between the rest-frame fractional rms and the bolometric
luminosity for the AGN with redshift 1 < z < 2 and excluding the blazar to generate
this figure.
expect even larger systematic changes in variability amplitude as we observe sources
from low to high redshift.
Recently, Simm et al. (2015) report an anti-correlation between the amplitude of
variability and the bolometric luminosity on month and year time-scales for AGN at
1 < z < 2. The latter is a good proxy for the mass accretion rate of the system, so
that higher accreting objects show lower variability. Motivated by this result we have
searched for the same relation on hour time-scales using the MQ sample. We esti-
mated the bolometric luminosities by using the apparent magnitudes in the b′ band
extracted from the MQ catalogue that were extracted from POSS-I. We converted
them into absolute magnitudes using the K-corrections from Wisotzki (2000) in the
B band (only up to z ∼ 2.2) and then we obtained the luminosities in this band. To
convert the luminosity in the B band into the bolometric luminosity we used the re-
lation described in Hopkins et al. (2007). We have included the estimated bolometric
luminosities in the Table 5.3. There is tentative correlation between the variability
amplitude on time-scale of hours and the estimated bolometric luminosity. According
to the Kendall tau test, the p-value 0.03 and τ-statistic −0.17 might be an evidence
of the anti-correlation, but it is very marginal (see Fig. 5.10). Here we consider sig-
nificantly shorter time-scales than studied by Simm et al. (2015), so it is possible that
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FIGURE 5.11: Correlation between the calculated bolometric luminosity of the AGN
with known redshift with a p-value ∼ 2×10−9 and τ-statistic 0.5.
the anti-correlation between luminosity and variability amplitude does not apply on
short time-scales. However, our sample also shows a significant correlation between
luminosity and redshift (Fig. 5.11) which is expected due to both the Malmquist bias
and the known cosmological evolution of the quasar luminosity function (Boyle et al.,
2000). Therefore, we consider it likely that any anti-correlation between luminosity
and amplitude is obscured by our observed correlation between variability amplitude
and redshift. Furthermore, we did not find a correlation between the slope of the PSDs
and the bolometric luminosity. A more detailed study of AGN with a wider range of
measured luminosities is required to study how the variability is associated to both the
luminosity and the black hole mass.
5.5.4. Source identification
Besides, by studying the fractional rms we were able to identify a blazar as seen in
Fig. 5.7. We observed an AGN with extremely high variability amplitude of ∼ 26%
compared to the majority of the sample that have a fractional rms of less than 4%. This
object with EPIC number 201184312 (2dFGRS TGN172Z225) is a blazar at redshift
0.27. Blazars present stronger variability than radio-quiet quasars and the variable
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emission is thought to be produced from the shocks in the jet, and not in the accretion
flow. Furthermore, this source has associated radio emission according to the FIRST
Survey at 1.4 GHz with a flux of 135 mJy (Becker et al., 1995a). It also appears in
the Roma-BZCAT catalogue of blazars classified as a flat-spectrum radio quasar (e.g.
Massaro et al., 2015) and has a γ-ray counterpart detected with Fermi/LAT. We could
identify another case with strong fast variability in the sample, the object with EPIC
201600065 presents a very strong flare 12 % brighter than the persistent level with a
fast rise of order of 3 days and a duration of ∼ 8 days. The rest-frame fractional rms
is similar to the rest of the sample ≈ 2%. The shape and the time-scales of this rare
event can not be associated with a tidal disruption event as these have a duration of
months and a rise time of weeks (Hung et al., 2017). The object is known as PKS
1106+023, it is classified as a Seyfert 1, it is nearby at redshift 0.157, the black hole
mass is∼ 5×107 M and its radio loudness is∼ 2×103 (Oshlack et al., 2002). There
is a clear radio jet feature in a FIRST image at 1.4 GHz (Becker et al., 1995b), so it
might be that the angle respect to the observer is such that the optical variable emis-
sion is coming from both the jet and the accretion flow. Besides classifying AGN it is
also possible to confirm AGN candidates by looking at their variability properties as it
has been demonstrated in Sect. 4.2. We believe that at least four sources that were ex-
cluded from the MQ catalogue are AGN by looking at their light curves, PSDs shape
and fractional rms. Hence, the study of fast variability properties of a big sample of
AGN is a very powerful tool to identify AGN.
5.6. Conclusions
In this work, we presented a catalogue of the optical variability properties in the
high-frequency domain of a large sample of 252 sources. Using light curves of ex-
tremely high-quality from Kepler/K2 we studied their power spectra by using the
PSRESP Monte Carlo method. Our conclusions are summarised as follows.
1. Kepler/K2 power spectral densities of AGN are well described by a simple
power-law in a frequency range 6× 10−6− 10−4 Hz. A break at lower fre-
quencies ≈ 10−6 Hz is not required and it is expected on longer time-scales.
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2. We found a variety of power-law slopes suggesting that all the light curves
cannot be simply modelled with the DRW model. This is supported by other
authors using Kepler observations that reported steeper slopes.
3. The typical variability of the sample is ∼ 2% in the frequency range of 6×
10−6−10−4 Hz, but we found a wide range of amplitude of variability ranging
from 0.1−26 %.
4. There is a significant correlation between the rest-frame fractional rms and the
redshift that we believe is associated with the wavelength dependence of the
variability. Thus, the amplitude of variability emitted originally in the UV is
larger but we observe it in the optical wavelengths together with objects that are
nearby and therefore present lower variability.
5. The fast time-scales explored here do not show the clear anti-correlation be-
tween rest-frame fractional rms and the bolometric luminosity seen in other
samples on longer time-scales. It might be a slight anti-correlation, but it is
likely that the expected anti-correlation is obscured in our sample, because we
preferentially see higher luminosity sources at higher redshifts, which also show
systematically higher rest-frame rms.
6. These type of optical variability studies on short time-scales are excellent to
identify blazars, as they generally show much higher variability. Furthermore,
we were able to identify 4 AGN that were dropped out from the MQ catalogue
by comparing their variability properties with the rest of the sample.
7. Instrumental trends can significantly impact the measured spectral density power-
law index. We find that de-trending the light curve using a single sine curve at
the orbital period of the spacecraft is adequate for our study but it does not
remove all instrumental signals.
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5.A. Effect of a trend in a light curve on the power spec-
trum
5.A.1. Simulated data
We investigate whether trends in the light curves similar to the ones observed in
the K2 light curves have a real effect on the slope and the normalisation of the power
spectrum. For this we first simulate 1000 fake light curves using the Timmer & Koenig
(1995) with a power-law model with a slope of −2 and we used the sampling pattern,
the mean and the variance of the AGN 201187315 (see example in the upper panel of
Fig. 5.12). Then, we analysed the artificial light curves using the PSRESP method
and obtained the best model parameters (see upper panel of Fig. 5.13 for an example).
To determine a realistic trend, we fit a sine curve with the known period of the orbit
of Kepler to the light curve of the AGN 201187315 and derived the best-fitting values
for the phase and the amplitude. We multiplied our artificial light curves by this
sine curve, thereby introducing a trend in the artificial light curve similar to what we
observe in Kepler light curves (see example in the bottom panel of Fig. 5.12). Next,
we analysed the trended artificial light curves with the PSRESP method (see example
of the lower panel of Fig. 5.13). For both cases the acceptance probability was higher
than 95%. We observe a steepening in the power spectrum in the trended light curves
as the average for the 1000 light curves is β2 =−3. After de-trending the light curves,
we find an average β2 = −2. It is important to note that even if there is a difference
compared to the slope of the power spectrum of the normal light curve, the slope
was within the statistical errors derived from the model. The histogram showing the
different slopes for the normal artificial light curves and the trended ones is shown in
Fig. 5.14. In this figure we also include how the real power-law index is recovered
when we de-trend the trended artificial light curves.
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FIGURE 5.12: Left: Simulated light curve. Right: Simulated light curve with a trend
similar to K2 AGN light curves.
5.A.2. Real K2 data
We have investigated the difference in the results provided by our PSRESP pipeline
when using real K2 data. We have measured the power-law slopes using de-trended
‘optimal’ light curves and light curves extracted with the largest aperture available in
Vanderburg & Johnson (2014), i.e. PRF9. This largest aperture is the least affected
by the differential velocity aberration effect. As shown in Fig. 5.15, the difference
in slopes measured from PRF9 and de-trended ‘optimal’ light curves is well below
1σ in all cases. We therefore decided to use the de-trended ‘optimal’ light curves, as
these benefit from much lower Poisson noise than the PRF9 light curves.
5.B. Tables and PSDs
We include in this appendix a short version of the catalogue in Table 5.3 including
10 AGN from the MQ catalogue analysed in this work with their Kepler identifier,
coordinates in J2000, physical parameters derived from the MQ catalogue and their
variability properties. We have also added the estimated bolometric luminosities for
AGN with known redshift up to z ∼ 2.2, since we only have K-corrections up to that
redshift. The full catalogue can be found in the on-line material. The star symbol
next to the EPIC name indicates that the data must be taken with caution as the output
channels are affected by the Moiré effect. Moreover, we include some of the light
curves in Fig. 5.16 and their PSDs in Fig. 5.17 and the rest of them can also be found
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FIGURE 5.13: Left: Power spectra of the artificial light curve generated by Timmer &
Koenig (1995). Right: Power spectra of the artificial light curve with a trend similar to
the one seen in K2 AGN light curves, the power spectrum is steeper with β ≈−3.
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FIGURE 5.14: This histogram illustrates the comparison between the best β found
via the PSRESP method for the 1000 original simulated light curves (in orange), the
trended light curves (in light blue) and the de-trended (in white with stripes).
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FIGURE 5.15: This histogram illustrates the significance error between the slopes
found using the light curves extracted from the PRF9 aperture and the de-trended light
curves. This shows that the two sets of results are in agreement with each other.
on-line. We show the ‘optimal’ light curves and below the same de-trended for com-
parison to asses the DVA effect. The figures of the PSDs are in logarithmic scale and
are not corrected from time-dilation.
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TABLE 5.3: The table includes the parameters for all the MQ AGN analysed in this work: the EPIC number, coordinates
in J2000, apparent magnitude in r′ and b′ band, type of AGN and redshift (extracted from the MQ catalogue), the negative
power-law index of the simulated PSD and the error for the ‘optimal’ aperture, the PRF aperture and the ‘optimal’ de-trended
light curves. The rest of the values correspond to the analysis of the de-trended light curves: the best normalisation and Poisson
noise level obtained in the minimisation, the acceptance probability for the model, the fractional rms measured in the observed
and the simulated power spectra, followed by the rest-frame fractional rms with the associated error. The last column contains
the estimated bolometric luminosities in units of 1045 ergs−1.
EPIC RA DEC Type b′ r′ z βopt βPRF9 βdet Norm Noise Probability σobs σfit σrest,fit Lbol
(deg) (deg) (%) (%) (%) (%) (×1045 ergs−1)
201146408 174.5331 -5.3805 q 19.4 18.4 2.00 2.18+0.82−1.08 1.66
+0.70
−0.64 1.39
+1.41
−1.40 0.46 1.54 36.9 1.12 1.06 1.32±0.12 326.25
201150761 174.7086 -5.2778 q 18.5 18.2 1.20 2.84+0.60−0.67 1.79
+1.15
−1.15 2.71
+0.68
−1.40 4.68 0.71 90.7 0.76 0.66 1.29±0.52 190.46
201153744 172.1308 -5.2070 q 18.5 18.2 1.10 1.92+0.97−0.35 1.92
+0.70
−0.31 1.53
+0.70
−0.69 1.16 0.60 44.2 0.82 0.84 1.02±0.09 153.57
201157230 173.9066 -5.1233 q 18.3 17.7 1.00 2.58+0.71−0.71 2.45
+0.00
−0.00 2.32
+0.69
−0.69 3.68 0.32 74.2 1.13 1.07 1.69±0.38 145.13
201167738 173.0793 -4.8731 q 19.2 18.5 1.40 2.84+0.54−0.44 2.58
+0.00
−0.00 2.71
+0.44
−0.43 5.79 1.38 27.8 2.58 2.54 5.36±0.83 157.59
201169297 172.6518 -4.8334 q 19.4 18.0 1.50 1.79+1.41−0.71 2.18
+1.19
−1.19 1.66
+1.44
−0.46 1.08 1.01 33.8 0.74 0.76 1.03±0.13 161.06
201169810 169.7321 -4.8214 R 18.3 17.8 0.00 3.24+0.50−0.50 2.45
+0.58
−1.03 1.92
+0.00
−0.00 2.73 0.20 8.9 0.92 0.91 0.00±0.00 0.00
201184312 173.9927 -4.4744 AR 18.7 17.0 0.27 1.66+0.34−0.44 1.66
+0.35
−0.38 1.53
+0.41
−0.41 1.72 -15.53 76.6 25.71 24.83 26.45±2.25 0.00
201184625 176.5165 -4.4670 AX 16.6 15.4 0.13 3.11+0.77−0.77 2.97
+0.79
−0.79 2.58
+0.27
−0.28 4.92 0.04 16.2 0.70 0.65 0.71±0.14 5.22
201185828 173.2443 -4.4373 q 19.1 18.4 1.60 2.58+0.56−0.70 2.18
+0.48
−0.37 2.45
+0.57
−0.57 4.39 0.35 79.6 1.80 1.78 3.55±0.56 5.94
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FIGURE 5.16: ‘Optimal’ and ‘optimal’ de-trended light curves for the first 36 light
curves of the sample. 143
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FIGURE 5.17: Power spectral densities of the AGN from the MQ catalogue showing
the different PSD shapes. The green solid line indicates the observed power spectra
and the black filled circles with error bars are the simulated model with the highest
acceptance probability.
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AppendixA
Appendix 1
In this Appendix the full catalogue of AGN observed with K2 in Chapter 5 is
included. It also includes the AGN light curves and their power spectral densities.
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Table B1: The table includes the parameters for all the MQ AGN analysed in this work: the EPIC number, coordinates in
J2000, aparent magnitude in r′ and b′ band, type fo AGN and redshift (extracted from the MQ catalogue), the negative power-
law index of the simulated PSD and the error for the ‘optimal’ aperture, the PRF aperture and the ‘optimal’ de-trended light
curves. The rest of the values correspond to the analysis of the de-trended light curves: the best normalisation and Poisson
noise level obtained in the minimisation, the acceptance probability for the model, the fractional rms measured in the observed
and the simulated power spectra, followed by the rest-frame fractional rms with the associated error. The last column contains
the estimated bolometric luminosities in units of 1045 ergs−1. The sources marked with a star are the ones that could be
affected by the Moiré effect.
EPIC RA (deg) DEC (deg) Type b′ r′ z βopt βPRF9 βdet Norm Noise Prob (%) σo (%) σf (%) σres,f (%) Lb (×1045 erg/s)
201146408 174.5331 -5.3805 q 19.4 18.4 2.00 2.18+0.82−1.08 1.66
+0.70
−0.64 1.39
+1.41
−1.40 0.46 1.54 36.9 1.12 1.06 1.32±0.12 326.25
201150761 174.7086 -5.2778 q 18.5 18.2 1.20 2.84+0.60−0.67 1.79
+1.15
−1.15 2.71
+0.68
−1.40 4.68 0.71 90.7 0.76 0.66 1.29±0.52 190.46
201153744 172.1308 -5.2070 q 18.5 18.2 1.10 1.92+0.97−0.35 1.92
+0.70
−0.31 1.53
+0.70
−0.69 1.16 0.60 44.2 0.82 0.84 1.02±0.09 153.57
201157230 173.9066 -5.1233 q 18.3 17.7 1.00 2.58+0.71−0.71 2.45
+0.00
−0.00 2.32
+0.69
−0.69 3.68 0.32 74.2 1.13 1.07 1.69±0.38 145.13
201167738 173.0793 -4.8731 q 19.2 18.5 1.40 2.84+0.54−0.44 2.58
+0.00
−0.00 2.71
+0.44
−0.43 5.79 1.38 27.8 2.58 2.54 5.36±0.83 157.59
201169297 172.6518 -4.8334 q 19.4 18.0 1.50 1.79+1.41−0.71 2.18
+1.19
−1.19 1.66
+1.44
−0.46 1.08 1.01 33.8 0.74 0.76 1.03±0.13 161.06
201169810 169.7321 -4.8214 R 18.3 17.8 0.00 3.24+0.50−0.50 2.45
+0.58
−1.03 1.92
+0.00
−0.00 2.73 0.20 8.9 0.92 0.91 0.00±0.00 0.00
201184312 173.9927 -4.4744 AR 18.7 17.0 0.27 1.66+0.34−0.44 1.66
+0.35
−0.38 1.53
+0.41
−0.41 1.72 -15.53 76.6 25.71 24.83 26.45±2.25 0.00
201184625 176.5165 -4.4670 AX 16.6 15.4 0.13 3.11+0.77−0.77 2.97
+0.79
−0.79 2.58
+0.27
−0.28 4.92 0.04 16.2 0.70 0.65 0.71±0.14 5.22
201185828 173.2443 -4.4373 q 19.1 18.4 1.60 2.58+0.56−0.70 2.18
+0.48
−0.37 2.45
+0.57
−0.57 4.39 0.35 79.6 1.80 1.78 3.55±0.56 5.94
201187307 172.3197 -4.4020 AR 14.1 13.3 0.06 2.45+0.63−0.65 2.58
+0.60
−0.83 2.32
+0.63
−0.46 3.94 0.01 88.7 0.69 0.66 0.69±0.23 246.74
201189418 173.3896 -4.3509 q 19.1 18.5 2.50 2.45+0.60−0.69 2.18
+0.33
−0.43 2.45
+0.57
−0.70 4.25 0.62 94.6 2.44 2.53 6.25±0.82 0.00
201193441 175.3808 -4.2557 q 18.2 17.9 1.10 2.84+0.65−0.98 2.97
+0.36
−1.17 2.71
+0.40
−0.83 5.35 0.20 21.5 0.58 0.54 1.02±0.26 8.99
201197637 174.7716 -4.1574 q 20.0 18.5 1.60 3.37+0.00−0.00 2.18
+1.25
−1.25 1.66
+0.00
−0.00 0.97 1.01 8.6 0.91 0.90 1.24±0.00 197.89
201197767 172.9189 -4.1548 qX 17.8 17.7 0.30 2.45+0.00−0.00 2.05
+0.89
−1.03 2.84
+0.00
−0.00 5.63 0.28 8.4 1.38 1.26 1.60±0.00 115.39
201207010 170.8428 -3.9385 QX 17.5 17.8 0.37 2.32+0.51−0.45 2.45
+0.00
−0.00 2.05
+0.57
−0.36 3.07 0.15 58.9 1.50 1.35 1.59±0.29 13.15
201209205 175.6203 -3.8866 q 18.7 17.9 0.50 2.84+0.82−0.82 2.58
+0.69
−1.03 2.32
+0.62
−0.56 4.12 0.16 78.8 0.67 0.72 0.94±0.24 26.33
201215807 173.8962 -3.7336 QR 16.8 14.8 1.16 2.71+0.36−0.93 2.32
+0.41
−0.50 1.26
+0.18
−0.24 0.41 0.00 17.0 0.09 0.10 0.11±0.00 20.77
201219689 176.3963 -3.6670 BR 18.8 16.4 0.17 2.97+0.33−0.83 2.58
+0.57
−0.65 1.66
+0.46
−0.42 2.06 0.05 78.1 0.68 0.71 0.74±0.09 749.86
201219871 176.2966 -3.6639 AX 19.2 18.4 0.37 3.11+0.37−0.76 2.71
+0.65
−0.64 2.84
+0.51
−0.76 5.24 0.58 60.4 1.75 1.72 2.31±0.99 1.74
201222389 173.6438 -3.6240 QR 18.5 18.2 2.07 2.58+0.46−1.20 1.92
+1.15
−0.89 2.84
+0.00
−0.00 5.28 0.23 6.0 0.34 0.31 0.86±0.00 7.03
201225977 176.1200 -3.5709 AR 15.0 12.1 0.05 2.71+0.51−0.87 2.45
+0.48
−0.84 1.79
+0.53
−0.59 2.43 0.00 59.2 0.16 0.17 0.17±0.04 763.94
201226680 173.3356 -3.5605 AR 17.6 16.1 0.12 2.84+0.07−0.31 2.84
+0.63
−1.03 1.39
+0.58
−0.57 0.36 0.03 44.8 0.24 0.25 0.26±0.03 2.95
201232832 170.0653 -3.4689 q 18.9 18.3 1.90 2.32+0.25−0.24 1.92
+0.00
−0.00 2.18
+0.00
−0.00 3.49 0.45 4.6 2.21 1.96 3.68±0.00 2.16
201239441 178.6183 -3.3697 q 19.9 18.2 0.20 2.71+0.56−1.07 1.92
+0.55
−0.55 2.32
+0.63
−1.11 3.09 0.67 82.4 0.90 0.74 0.83±0.40 445.24
201240157 172.2191 -3.3585 KR 17.8 16.6 0.20 2.84+0.50−0.79 2.05
+0.81
−0.86 2.45
+0.61
−0.67 4.58 0.08 66.3 0.77 0.73 0.83±0.32 1.08
201246403 170.8579 -3.2635 QR 17.9 17.6 1.77 2.84+0.53−0.86 2.18
+0.07
−0.11 2.84
+0.49
−0.96 5.39 0.15 63.6 1.05 1.05 2.69±0.64 5.25
201246601 179.4717 -3.2603 AR 15.8 15.5 0.21 2.05+0.96−0.96 2.84
+0.49
−0.90 2.32
+0.77
−0.77 4.75 0.05 94.9 0.56 0.58 0.66±0.27 887.31
201250126 169.9206 -3.2053 q 18.5 18.1 1.10 2.32+0.41−0.25 1.79
+0.50
−0.36 2.05
+0.00
−0.00 3.51 0.47 2.7 1.87 1.56 2.30±0.00 31.24
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EPIC RA (deg) DEC (deg) Type b′ r′ z βopt βPRF9 βdet Norm Noise Prob (%) σo (%) σf (%) σres,f (%) Lb (×1045 erg/s)
201255940 178.2156 -3.1174 q 19.2 18.4 1.30 2.18+0.59−0.59 2.05
+0.00
−0.00 1.79
+0.83
−0.69 1.74 1.11 80.8 1.11 1.12 1.56±0.20 153.57
201261416 179.7416 -3.0354 R 18.6 18.0 0.00 2.71+0.43−0.40 2.84
+1.25
−1.25 1.66
+0.81
−0.81 0.88 0.49 38.8 0.60 0.52 0.00±0.00 0.00
201263046 178.4697 -3.0103 AR 18.7 17.4 0.20 2.71+0.50−0.45 1.26
+1.25
−1.25 2.18
+0.82
−0.78 3.00 0.37 25.8 0.49 0.38 0.42±0.16 128.78
201272471 169.9118 -2.8675 Q 17.9 17.5 0.66 2.84+0.00−0.00 2.18
+0.00
−0.00 2.84
+0.00
−0.00 6.07 0.29 0.9 1.55 1.36 2.17±0.00 2.64
201336263 179.7133 -1.9118 QR 18.3 18.0 1.90 3.11+0.99−0.99 2.32
+0.74
−0.99 2.58
+0.61
−1.33 4.57 0.49 72.4 0.74 0.72 1.66±0.44 78.58
201340127 172.9193 -1.8551 AX 18.7 18.1 0.43 2.58+0.59−0.65 2.45
+0.68
−1.25 2.71
+0.52
−0.78 5.36 0.23 81.8 1.02 1.09 1.49±0.58 741.98
201343412 179.6894 -1.8059 AR 17.3 15.5 0.09 3.37+0.64−0.64 2.58
+0.53
−0.71 1.39
+0.00
−0.00 0.86 0.08 6.7 0.37 0.41 0.42±0.00 14.88
201345754 178.8811 -1.7700 QX 20.7 18.5 3.19 2.97+0.51−0.64 3.24
+0.00
−0.00 2.58
+0.46
−0.67 5.26 1.05 41.8 2.21 1.98 6.13±0.65 0.00
201346523 169.7585 -1.7579 QR 18.8 18.3 1.30 1.92+0.63−0.63 2.05
+0.65
−0.50 1.79
+0.74
−0.63 1.54 19.23 77.8 4.83 4.78 6.65±0.78 1.55
201350814 171.6695 -1.6938 AR 13.5 11.8 0.05 3.24+1.21−1.21 2.32
+0.68
−0.68 1.66
+0.56
−0.38 1.48 0.00 38.2 0.08 0.08 0.09±0.01 180.42
201352437 178.3481 -1.6691 R 19.8 18.5 0.00 2.18+0.53−0.48 2.32
+0.27
−0.01 1.92
+0.36
−0.15 2.47 0.26 19.1 1.74 1.48 0.00±0.00 0.00
201354965 172.4329 -1.6312 QX 18.5 18.1 1.29 3.11+1.08−1.08 1.66
+0.38
−0.37 2.71
+0.65
−1.19 4.97 0.17 64.6 0.46 0.44 0.90±0.31 8.79
201356907 170.9271 -1.6017 AR 16.3 14.5 0.06 2.58+0.96−0.96 2.32
+0.50
−0.70 2.18
+0.76
−0.75 3.45 0.01 80.9 0.13 0.14 0.14±0.06 229.96
201362181 172.4700 -1.5245 QX 18.1 18.2 0.48 2.58+0.67−0.84 2.32
+0.75
−0.92 2.71
+0.61
−0.90 5.54 0.11 83.5 0.78 0.76 1.06±0.46 1.78
201365301 173.1494 -1.4802 Q2 18.4 18.1 0.44 2.58+0.55−0.66 2.05
+0.67
−0.84 2.45
+0.49
−0.73 4.92 0.48 55.0 1.40 1.39 1.80±0.55 31.26
201367243 179.9207 -1.4523 QR 18.4 18.2 1.21 2.45+0.69−0.89 2.84
+0.55
−0.72 2.45
+0.48
−1.18 4.00 0.72 30.4 0.53 0.48 0.86±0.23 19.66
201373523 172.4418 -1.3613 QR 17.5 17.7 0.73 3.24+0.89−0.89 2.05
+0.08
−0.26 2.18
+1.04
−0.55 4.14 0.05 53.3 0.65 0.64 0.88±0.24 212.50
201380932 166.6533 -1.2485 QR 17.7 16.6 1.00 2.97+0.53−1.09 1.92
+0.72
−0.80 2.71
+0.63
−1.18 5.03 0.10 92.6 0.57 0.57 1.04±0.40 136.28
201405115 166.6324 -0.8812 QR 16.1 16.0 0.42 3.11+0.39−0.55 2.97
+0.93
−0.94 2.05
+0.89
−0.86 2.83 0.07 87.0 0.31 0.30 0.36±0.12 241.70
201435637 168.1297 -0.4262 QR 18.4 18.5 0.54 3.24+0.40−0.40 2.97
+0.39
−0.62 3.24
+0.54
−0.54 6.35 0.45 21.7 1.19 1.17 1.90±0.75 118.83
201437504 177.6828 -0.3984 QR 17.7 17.2 1.98 3.37+0.55−0.55 1.66
+0.00
−0.00 1.79
+0.92
−0.92 2.54 0.04 79.4 0.42 0.43 0.66±0.08 32.39
201438859 168.2943 -0.3784 QR 18.1 17.9 1.12 2.84+0.51−1.23 2.32
+0.96
−1.14 2.58
+0.53
−1.15 4.10 0.21 55.4 0.67 0.62 1.12±0.35 1381.04
201441589 168.5081 -0.3385 q 18.8 18.4 1.20 2.84+0.53−1.00 2.18
+0.57
−0.76 3.11
+0.00
−0.00 5.70 0.82 8.6 2.04 1.82 4.17±0.00 224.23
201455836 168.5412 -0.1358 AR 17.2 15.7 0.10 2.84+0.42−0.78 2.58
+0.48
−0.88 2.45
+0.36
−0.44 3.90 0.06 33.7 0.47 0.49 0.52±0.14 147.84
201456026∗ 171.2781 -0.1334 QX 17.9 18.0 1.91 1.66+0.46−0.37 1.66
+0.47
−0.52 1.53
+0.42
−0.40 1.50 0.12 61.8 0.78 0.81 1.07±0.04 2.14
201456561 168.4268 -0.1252 QR 19.3 18.5 1.55 3.37+0.86−0.86 2.18
+0.62
−0.60 3.11
+0.18
−0.18 6.59 1.02 14.1 1.27 1.15 3.07±0.23 1064.38
201466253∗ 171.4262 0.0170 QR 17.6 17.4 1.69 1.39+0.33−0.33 1.39
+0.49
−0.34 1.00
+0.42
−0.42 -0.37 0.08 41.0 0.47 0.51 0.51±0.00 189.92
201466962 168.7520 0.0272 QX 18.9 18.2 1.33 2.45+0.62−0.52 2.45
+0.47
−0.73 2.58
+0.46
−0.71 5.09 0.71 51.9 1.62 1.64 3.20±0.64 1023.69
201479228 167.2854 0.2087 QR 17.9 17.9 0.54 1.92+0.96−0.40 2.18
+0.50
−0.66 1.92
+0.95
−0.51 2.79 0.08 66.7 0.65 0.66 0.80±0.18 176.79
201480698 176.6988 0.2307 QX 18.4 18.0 0.94 2.71+0.57−0.84 2.18
+0.58
−0.91 2.18
+0.65
−0.79 3.15 0.17 68.1 0.35 0.42 0.63±0.14 47.07
201499023 168.0909 0.5079 QR 18.3 18.4 0.52 2.97+0.99−0.99 2.71
+0.52
−0.99 2.84
+0.25
−0.43 5.82 0.34 18.6 1.44 1.41 2.08±0.43 115.71
201503438∗ 173.1901 0.5743 QR 18.0 17.3 1.22 2.45+0.66−0.68 2.05
+0.71
−0.74 2.05
+0.33
−0.33 3.26 0.14 73.3 2.07 1.97 3.00±0.24 32.11
201524316 175.0695 0.8976 QR 19.0 18.3 1.14 2.58+0.53−0.73 2.32
+0.61
−0.57 2.58
+0.59
−0.73 4.81 0.03 90.2 0.53 0.53 0.96±0.23 305.48
201546147∗ 175.9752 1.2287 QR 18.1 17.5 1.28 2.84+0.00−0.00 2.84
+0.59
−1.48 2.71
+0.00
−0.00 5.20 0.03 3.7 0.20 0.17 0.34±0.00 108.96
201548884 174.3733 1.2705 QR 19.5 17.9 0.43 2.97+0.53−0.78 2.32
+0.54
−0.76 3.11
+0.27
−0.60 6.66 0.10 26.0 0.87 0.82 1.19±0.38 312.09
201550049 170.5392 1.2887 AX 17.5 16.4 0.06 2.32+0.61−0.47 2.32
+0.70
−0.60 2.18
+0.72
−0.30 3.53 -0.02 46.4 2.40 2.29 2.37±0.68 7.71
201555274 170.9025 1.3672 QR 18.7 18.4 0.94 2.18+0.63−0.63 1.00
+1.36
−1.36 2.05
+0.41
−0.53 2.71 0.34 36.8 0.71 0.71 1.01±0.13 0.62
201568886 168.8567 1.5686 AR 18.3 17.6 0.24 2.58+0.79−0.79 2.05
+0.64
−0.64 2.45
+0.69
−0.76 4.73 0.37 99.6 1.76 1.75 2.04±0.87 90.25
201569249 174.6333 1.5742 QX 18.4 17.9 0.38 2.97+0.49−1.03 2.32
+0.64
−0.86 2.84
+0.56
−1.01 5.31 0.10 82.3 1.14 1.13 1.52±0.80 5.30
201570346 168.0252 1.5901 AR 20.3 17.7 0.18 2.97+0.60−0.60 2.58
+0.00
−0.00 1.39
+0.00
−0.00 0.80 0.08 4.7 0.60 0.59 0.61±0.00 14.17
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EPIC RA (deg) DEC (deg) Type b′ r′ z βopt βPRF9 βdet Norm Noise Prob (%) σo (%) σf (%) σres,f (%) Lb (×1045 erg/s)
201572944 170.8364 1.6299 QX 15.3 15.5 1.47 2.84+0.52−0.93 2.18
+0.63
−0.75 2.32
+0.69
−0.87 3.54 0.01 94.9 0.16 0.16 0.30±0.06 0.68
201575185 174.2785 1.6633 QX 19.3 18.3 0.19 2.97+0.43−0.20 3.24
+0.21
−0.43 2.18
+0.65
−0.65 4.05 0.02 98.6 1.08 1.06 1.18±0.38 5328.23
201580937 170.2490 1.7491 BR 18.2 17.9 0.37 2.84+0.64−0.95 1.92
+0.84
−0.48 1.79
+1.03
−0.43 2.48 0.00 65.1 0.14 0.14 0.16±0.03 1.58
201581813 177.4353 1.7618 QX 18.5 18.3 1.47 2.84+0.64−1.00 1.66
+0.84
−0.84 1.66
+1.26
−0.49 1.55 0.12 49.7 0.42 0.46 0.62±0.07 15.16
201592923∗ 176.6947 1.9345 QR 18.7 18.0 2.64 2.32+0.67−0.79 1.53
+0.71
−0.71 1.92
+0.77
−0.52 2.70 0.10 68.3 0.69 0.65 1.18±0.10 0.00
201595011 174.1327 1.9670 QX 18.7 18.3 1.47 2.58+0.61−0.61 1.79
+0.70
−0.71 2.84
+0.48
−1.06 5.81 0.05 43.5 0.42 0.40 0.92±0.26 325.04
201596600 177.6105 1.9911 QX 18.7 18.5 0.58 2.71+0.00−0.00 2.58
+0.65
−0.90 2.71
+0.00
−0.00 4.62 0.38 6.1 0.25 0.32 0.48±0.00 276.15
201598312 180.8907 2.0179 AR 15.5 12.6 0.08 2.97+0.52−0.94 2.71
+0.61
−0.96 1.66
+0.90
−0.90 1.46 0.02 78.9 0.14 0.12 0.13±0.03 29.87
201600065 167.1896 2.0447 AR 18.3 15.7 0.16 1.66+0.28−0.28 1.66
+0.00
−0.00 1.66
+0.05
−0.05 2.21 -0.01 12.0 2.08 2.17 2.28±0.03 5.55
201605601 174.1379 2.1299 AX 19.3 17.7 0.24 3.11+1.07−1.07 3.11
+0.98
−0.98 2.97
+0.97
−0.97 6.12 0.02 99.9 0.92 0.91 1.12±0.87 2.22
201606738 169.0130 2.1478 QR 17.3 16.8 0.21 2.97+0.46−0.92 2.71
+0.67
−0.89 2.71
+0.41
−0.86 5.42 0.03 48.9 0.87 0.89 1.04±0.47 2.47
201619431 171.3605 2.3442 AX 16.6 14.7 0.05 2.18+0.52−0.52 2.18
+0.52
−0.52 2.32
+0.43
−0.23 4.71 0.01 24.0 0.69 0.66 0.68±0.14 8.99
201619502 167.6317 2.3453 AX 18.3 17.3 0.08 2.71+0.20−0.53 1.79
+0.72
−0.48 2.58
+0.19
−0.56 5.51 0.11 14.7 1.12 1.11 1.18±0.33 0.91
201625264 180.6378 2.4333 QX 17.1 16.7 0.27 2.97+1.19−1.19 2.58
+0.72
−0.90 2.32
+0.62
−0.83 4.99 0.07 66.4 0.62 0.61 0.72±0.27 0.60
201629077 180.8873 2.4930 AR 16.0 14.2 0.08 2.97+0.69−0.69 2.97
+0.45
−0.74 2.84
+0.49
−0.58 6.07 0.01 41.6 1.18 1.08 1.16±0.53 18.58
201635655 170.9261 2.5956 QR 19.1 18.5 1.52 1.92+0.85−0.65 1.53
+0.43
−0.42 1.92
+0.88
−0.88 2.84 0.32 66.4 0.94 0.97 1.48±0.24 3.26
201637365 167.9987 2.6221 QX 18.2 18.1 1.88 2.84+0.46−0.90 2.32
+0.47
−0.44 1.92
+0.22
−0.48 2.37 0.20 18.4 0.66 0.64 1.04±0.06 215.04
201638033 168.7819 2.6327 QR 17.1 17.3 0.57 2.58+0.00−0.00 2.05
+0.82
−0.81 2.58
+0.00
−0.00 4.23 0.03 7.3 0.37 0.37 0.52±0.00 797.49
201639672 177.3290 2.6573 QR 18.8 18.1 1.54 2.84+0.30−0.48 2.32
+0.10
−0.15 2.71
+0.00
−0.00 4.91 0.98 9.4 1.45 1.36 3.01±0.00 104.50
201641120 171.6493 2.6795 QR 18.2 17.9 0.77 2.45+0.68−0.74 1.92
+0.94
−0.47 2.71
+0.40
−0.64 5.19 0.06 45.8 0.57 0.55 0.90±0.23 288.93
201649848∗ 175.9610 2.8141 AX 18.7 17.9 0.28 2.05+1.03−0.47 1.00
+0.40
−0.39 1.79
+0.71
−0.71 2.38 0.23 85.7 1.31 1.35 1.49±0.32 87.69
201650555 168.8345 2.8246 QR 19.5 18.1 0.72 1.53+0.81−0.81 1.00
+0.47
−0.47 1.39
+0.78
−0.78 0.83 0.50 78.2 0.98 1.04 1.16±0.10 5.61
201654829∗ 176.0345 2.8922 QR 19.2 18.5 1.28 1.26+0.49−0.49 1.00
+0.26
−0.26 1.66
+0.78
−0.51 1.89 0.41 31.6 0.89 0.90 1.18±0.11 25.51
201668548 175.0363 3.1198 AX 17.0 15.8 0.08 2.05+0.26−0.25 1.92
+0.73
−0.71 2.05
+0.21
−0.23 3.77 0.01 21.0 0.66 0.64 0.67±0.07 122.96
201676418 174.5156 3.2494 QX 18.5 18.5 2.44 1.92+0.84−0.62 2.58
+0.73
−0.81 1.66
+0.59
−0.23 1.59 0.34 24.5 0.75 0.71 1.06±0.04 0.00
201688660 173.3598 3.4484 QR 18.2 17.7 0.24 2.84+0.42−0.86 2.05
+0.60
−0.38 2.71
+0.61
−0.76 5.30 0.26 92.3 1.83 1.80 2.16±1.02 1.67
201696126 177.2083 3.5742 QR 18.9 18.3 1.48 2.45+0.62−0.84 1.53
+1.11
−1.10 2.32
+0.78
−0.68 3.89 0.19 75.8 0.62 0.65 1.18±0.23 5.68
201696941 173.2956 3.5880 AR 21.2 19.4 0.35 3.11+0.00−0.00 2.18
+0.75
−0.65 2.97
+0.00
−0.00 5.48 0.00 6.7 0.15 0.14 0.19±0.00 234.71
201697497 181.0729 3.5974 AR 18.5 15.7 0.20 1.79+1.01−1.01 1.13
+1.83
−1.83 1.92
+0.93
−0.93 1.54 0.11 97.8 0.16 0.22 0.24±0.09 1.31
201699775 181.2865 3.6361 AR 20.6 19.1 0.24 2.05+0.94−0.94 2.18
+0.88
−0.78 2.05
+0.89
−0.92 3.15 0.39 98.9 0.63 0.64 0.72±0.28 3.18
201700279 174.0557 3.6447 QR 18.6 17.8 1.19 2.45+0.52−0.63 2.05
+0.00
−0.00 2.32
+0.50
−0.69 4.19 0.07 85.9 0.55 0.57 0.95±0.17 0.94
201701542 171.2899 3.6653 AR 20.1 17.4 0.26 2.18+0.66−0.91 1.13
+0.93
−0.93 1.79
+0.78
−0.71 2.19 0.10 88.1 0.33 0.36 0.39±0.09 170.35
201703820 174.7117 3.7045 AX 18.3 16.7 0.17 1.92+0.65−0.63 1.39
+0.71
−0.70 1.79
+0.77
−0.61 2.08 0.02 83.7 0.22 0.21 0.22±0.05 1.61
201710297 180.4089 3.8131 AR 15.6 14.2 0.07 2.45+0.52−0.88 2.84
+0.32
−0.60 2.18
+0.55
−0.65 3.38 0.02 51.4 0.21 0.19 0.20±0.07 2.55
201711545 178.2856 3.8346 q 20.5 17.9 1.00 2.45+0.55−1.04 2.32
+0.68
−1.17 1.92
+0.68
−0.63 2.23 5.26 51.2 2.41 2.05 2.82±0.43 4.02
201711864 177.8400 3.8404 QR 18.9 18.4 2.39 2.32+0.27−0.74 1.00
+0.77
−0.77 1.00
+0.42
−0.42 -0.20 0.50 40.4 1.20 1.32 1.32±0.00 0.00
201714475 174.9026 3.8865 QR 18.1 17.4 0.32 2.84+0.73−0.73 2.32
+0.98
−0.91 2.18
+0.79
−0.51 3.23 0.06 81.0 0.89 0.84 0.99±0.29 23.57
201714961 178.4292 3.8948 q 18.0 17.7 0.70 2.84+0.40−0.92 3.24
+0.00
−0.00 2.58
+0.40
−0.63 3.89 0.16 29.9 0.70 0.68 1.03±0.25 11.54
201714969 172.2260 3.8948 QR 18.6 18.4 1.83 2.58+0.75−0.75 1.92
+0.62
−0.54 2.32
+0.91
−0.72 3.98 0.11 81.7 0.98 0.98 1.95±0.37 82.31
201719046 180.6586 3.9640 QX 18.1 17.4 0.32 2.58+0.56−0.83 2.71
+0.55
−0.94 2.05
+0.77
−0.67 3.23 0.25 88.9 0.87 0.88 1.02±0.29 524.01
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201719625 171.7820 3.9736 QX 18.2 17.9 0.55 2.32+0.52−0.56 2.71
+0.46
−0.71 2.32
+0.63
−0.55 3.87 0.04 47.3 0.50 0.50 0.67±0.17 12.12
201720603 172.2336 3.9896 AX 18.5 17.9 0.18 2.32+0.67−0.65 2.05
+0.70
−0.65 2.71
+0.37
−0.65 5.05 0.12 38.3 1.86 1.72 1.98±0.73 38.31
201725207 176.4959 4.0694 AX 18.4 17.8 0.27 3.11+1.22−1.22 2.05
+1.00
−0.85 2.97
+1.02
−1.02 6.15 0.18 88.9 1.59 1.60 2.03±1.61 2.50
201725601 169.1485 4.0761 q 19.1 18.5 1.50 1.92+0.53−0.46 1.13
+1.90
−1.89 1.66
+0.43
−0.18 1.18 0.60 14.8 0.83 0.72 0.98±0.04 6.66
201731369 178.2071 4.1732 AR 19.2 16.3 0.13 2.84+1.25−1.25 1.79
+0.97
−0.63 2.84
+0.52
−1.24 5.31 0.05 56.9 0.21 0.20 0.23±0.16 207.58
201733081 170.8063 4.2025 X 18.9 17.9 0.00 1.79+0.53−0.47 1.79
+1.05
−1.05 1.26
+0.93
−0.91 0.03 0.09 45.1 0.27 0.28 0.00±0.00 0.00
201733246 177.1299 4.2054 q 18.5 18.4 1.50 2.58+0.66−1.27 2.05
+0.92
−0.85 2.45
+0.58
−1.27 4.46 0.63 75.0 0.72 0.68 1.33±0.36 0.82
201749486 171.0141 4.4747 AX 17.4 16.6 0.15 2.45+0.51−0.57 2.45
+0.66
−0.67 2.32
+0.42
−0.34 4.43 0.02 31.0 1.20 1.08 1.18±0.26 346.00
201751743 176.8929 4.5131 QR 19.0 18.5 1.21 2.05+0.58−0.76 1.53
+0.91
−0.91 1.39
+0.97
−0.97 0.43 0.33 42.5 0.68 0.74 0.86±0.07 4.11
201752000 175.1329 4.5175 q 19.5 18.5 1.00 2.58+0.75−1.11 1.53
+0.65
−0.65 2.05
+1.04
−0.92 2.11 1.15 66.5 0.72 0.77 1.11±0.29 127.54
201753769 173.3371 4.5487 QR 17.6 17.1 0.25 2.05+0.37−0.47 2.05
+0.76
−0.82 2.05
+0.48
−0.39 3.13 0.09 53.1 0.89 0.86 0.97±0.18 53.37
201756265 171.4026 4.5906 AX 18.4 17.5 0.28 2.97+0.74−0.74 2.84
+0.59
−0.54 2.84
+0.56
−0.99 5.64 0.09 91.1 0.82 0.82 1.03±0.57 10.06
201757807 177.3253 4.6188 q 18.8 18.3 1.40 1.79+0.24−0.40 1.79
+0.00
−0.00 1.53
+0.55
−0.32 0.40 0.59 16.5 0.58 0.62 0.78±0.04 7.05
201759850 177.0229 4.6540 QR 17.5 16.9 1.77 2.84+0.46−0.86 2.32
+0.35
−0.44 2.18
+0.66
−0.85 2.80 0.01 38.7 0.13 0.13 0.24±0.04 221.06
201762367 168.5519 4.6977 QX 18.8 18.3 0.25 2.32+0.78−0.86 1.39
+1.24
−1.23 1.92
+0.93
−0.62 2.77 0.35 85.6 1.13 1.12 1.24±0.35 1247.52
201768401 177.4791 4.8036 QR 17.4 16.9 0.27 2.97+0.64−0.65 2.18
+0.60
−0.49 2.18
+0.55
−0.55 3.48 0.03 82.9 0.43 0.41 0.47±0.12 4.06
201774618 177.1513 4.9108 q 18.5 18.2 0.60 2.32+0.65−0.98 2.45
+0.00
−0.00 2.05
+0.77
−0.83 2.71 0.40 95.7 0.89 0.83 1.07±0.28 14.25
201775638 177.0173 4.9269 q 19.7 18.4 1.10 2.05+0.62−0.72 1.92
+0.71
−0.65 1.53
+0.71
−0.71 0.47 1.56 63.5 0.82 1.13 1.37±0.12 37.89
201789585 168.8263 5.1772 AR 19.5 17.9 0.18 2.84+0.50−0.86 1.79
+0.46
−0.58 2.32
+0.64
−0.63 3.75 0.22 89.9 0.83 0.83 0.92±0.33 56.41
201792146 170.6709 5.2256 qX 18.0 16.9 0.20 2.84+0.39−0.56 2.84
+0.50
−0.89 2.84
+0.64
−0.65 5.31 0.05 51.5 2.64 2.45 2.90±1.43 1.22
201796377 170.8230 5.3012 QX 17.3 17.0 1.00 2.97+0.80−0.80 2.32
+0.65
−0.85 2.58
+0.55
−0.82 4.90 0.03 89.3 0.33 0.33 0.57±0.15 4.64
201805756 170.8671 5.4731 AX 18.0 17.4 0.10 2.45+0.57−0.53 2.32
+0.65
−0.79 2.45
+0.57
−0.52 5.04 0.07 82.6 1.55 1.53 1.64±0.59 339.11
201839008 168.6682 6.0905 q 19.2 18.4 1.20 2.58+0.50−0.51 1.53
+1.08
−1.08 2.18
+0.61
−0.24 3.44 1.11 22.2 1.38 1.36 2.17±0.25 1.19
201839261 168.8082 6.0951 q 18.4 18.0 0.90 2.45+0.43−0.51 2.45
+0.77
−1.08 2.45
+0.34
−0.64 4.45 0.38 27.5 0.86 0.81 1.29±0.24 105.66
201852752 173.5861 6.3592 QR 19.1 18.2 0.94 1.92+0.63−0.62 1.66
+0.73
−0.49 2.45
+0.51
−0.66 3.55 0.33 29.5 0.66 0.69 1.11±0.24 105.16
201854154 172.2160 6.3876 QR 18.2 17.0 1.49 1.66+0.75−0.40 1.66
+1.07
−1.07 1.66
+0.67
−0.49 1.28 0.08 69.9 0.49 0.48 0.65±0.05 64.41
201858344 172.5835 6.4744 QR 18.7 18.1 0.57 2.45+0.21−0.13 2.58
+0.77
−0.90 2.32
+0.40
−0.43 4.44 0.25 32.3 1.10 1.08 1.46±0.25 439.90
201859997 177.6364 6.5082 qR 18.5 18.5 2.20 2.32+0.57−0.64 2.18
+0.75
−0.75 2.32
+0.50
−0.57 4.17 0.34 42.3 0.84 0.82 1.76±0.19 29.00
201860527 171.5639 6.5192 q 18.9 18.5 0.90 2.71+0.50−0.71 3.24
+0.48
−0.48 2.58
+0.41
−0.76 5.27 0.00 38.0 0.12 0.12 0.20±0.05 888.78
201860585 174.1498 6.5204 QX 17.6 17.5 0.53 2.97+0.51−0.49 2.71
+0.52
−0.85 2.45
+0.48
−0.39 4.76 0.02 29.6 0.40 0.37 0.50±0.10 69.33
201863827 175.4769 6.5860 AX 17.6 16.3 0.10 2.32+0.51−0.51 2.05
+0.60
−0.62 2.18
+0.56
−0.47 3.45 0.02 73.2 0.66 0.63 0.67±0.19 58.12
201886269 178.1653 7.0394 QX 17.9 17.4 1.49 2.97+0.66−0.66 2.18
+0.38
−0.50 2.45
+0.38
−0.94 4.12 0.10 21.3 0.38 0.36 0.70±0.13 1.64
201889930 175.2542 7.1137 q 18.9 18.2 1.00 2.45+0.62−0.63 2.05
+0.64
−0.82 2.58
+0.58
−0.69 4.74 0.80 51.1 0.91 0.96 1.66±0.42 562.95
201889976 175.3575 7.1146 Q 18.1 17.7 0.50 3.11+0.37−0.45 1.92
+0.74
−0.36 3.24
+0.10
−0.27 5.79 0.20 11.6 0.69 0.69 1.08±0.15 87.78
201894176 176.0200 7.2015 QX 18.1 17.6 0.50 2.97+0.52−0.82 2.97
+0.00
−0.00 2.97
+0.44
−0.78 5.48 0.16 40.9 1.02 1.00 1.49±0.60 33.64
201905730 177.0650 7.4441 QR 18.7 18.2 2.21 2.32+0.76−0.91 2.45
+0.70
−0.56 1.66
+0.60
−0.51 1.32 0.52 37.9 0.55 0.69 1.01±0.06 0.00
201909148 175.1983 7.5162 AX 17.3 16.2 0.13 2.58+0.48−0.69 2.71
+0.52
−1.02 2.45
+0.54
−0.60 4.02 0.04 76.1 1.04 1.00 1.09±0.40 33.48
201910112 172.5724 7.5369 QR 17.6 17.4 2.66 2.32+0.63−0.91 1.79
+0.65
−0.37 2.58
+0.27
−0.63 4.72 0.06 25.0 0.32 0.30 0.82±0.08 0.00
202059522 102.6933 25.0499 BR 17.1 16.6 0.20 2.18+0.34−0.18 2.32
+0.19
−0.14 2.18
+0.33
−0.24 4.03 -0.02 21.7 1.76 1.60 1.78±0.25 3.29
202064584 101.3162 21.4139 X 17.8 17.1 0.00 1.92+0.85−0.77 3.37
+0.00
−0.00 1.79
+0.89
−0.66 2.38 0.04 57.1 0.48 0.47 0.00±0.00 0.00
149
A
P
P
E
N
D
IX
A
:A
P
P
E
N
D
IX
1
Table B1: Continued from previous page
EPIC RA (deg) DEC (deg) Type b′ r′ z βopt βPRF9 βdet Norm Noise Prob (%) σo (%) σf (%) σres,f (%) Lb (×1045 erg/s)
202064619 98.9237 27.9006 q 19.4 17.8 1.00 3.24+0.00−0.00 1.00
+0.00
−0.00 2.97
+0.00
−0.00 4.36 6.02 3.2 - 0.58 1.15±0.00 9.70
202064620 94.1183 24.7217 q 18.0 17.8 1.20 1.79+1.63−1.62 2.18
+1.26
−1.26 2.18
+1.32
−0.99 2.22 13.78 72.3 1.71 2.28 3.64±1.13 57.96
202064700 94.2358 24.6472 q 18.3 18.2 1.40 2.84+1.27−1.27 1.00
+2.44
−2.31 2.97
+1.39
−1.39 4.68 2.30 58.7 1.52 1.72 4.07±2.32 291.27
202064759 98.1854 27.9022 q 19.8 18.4 0.80 1.13+1.04−1.04 2.58
+0.54
−0.49 1.00
+1.26
−1.26 -0.96 0.03 23.4 0.15 0.09 0.09±0.00 338.44
202064761 101.3950 28.8364 q 18.7 18.4 2.40 2.97+0.00−0.00 2.05
+0.79
−0.96 2.71
+0.04
−0.08 4.80 0.27 10.8 0.49 0.55 1.56±0.02 0.00
202064763 92.8396 22.9825 q 18.7 18.4 1.10 1.66+1.40−1.40 1.79
+1.39
−1.38 1.26
+1.79
−1.79 0.23 0.01 86.0 0.13 0.14 0.16±0.02 25.55
202064787 97.0787 25.4114 q 18.5 18.4 2.10 2.05+0.68−0.97 2.58
+0.50
−0.50 1.79
+0.88
−0.73 2.05 0.42 42.0 0.74 0.74 1.16±0.12 129.78
202064867 99.7871 27.4075 q 19.0 18.7 1.20 2.97+0.48−0.60 2.32
+0.78
−0.86 2.71
+0.76
−1.14 4.78 0.02 69.7 0.31 0.30 0.60±0.22 791.48
202064872 96.3129 26.4617 q 20.0 18.7 0.70 2.97+0.23−1.72 1.39
+0.39
−0.21 1.39
+1.78
−1.78 0.47 2.46 31.3 1.73 1.85 2.05±0.42 124.95
202064880 93.1933 24.6111 q 18.8 18.7 1.40 3.11+1.27−1.28 1.26
+2.07
−2.05 2.84
+0.47
−1.19 5.65 6.33 28.0 2.98 2.97 6.66±2.12 16.04
202064932 103.7400 24.1011 QR 18.7 18.8 0.00 3.24+0.58−0.58 2.71
+1.64
−1.64 2.84
+1.67
−1.67 5.53 0.76 69.5 0.93 1.00 0.00±0.00 0.00
202064938 98.0033 26.7303 q 20.2 18.8 0.40 1.66+1.26−1.26 1.13
+1.31
−1.31 1.66
+1.33
−1.33 1.39 5.14 97.5 2.74 2.77 3.09±0.97 221.06
202064941 99.0879 28.0328 qR 19.5 18.8 2.30 2.71+0.45−1.24 3.24
+0.00
−0.00 2.71
+0.50
−1.33 4.60 1.51 21.3 0.98 0.49 1.35±0.32 0.00
202064942 100.0558 28.3078 q 19.6 18.8 0.90 1.13+0.88−0.88 1.13
+0.49
−0.49 1.13
+0.86
−0.86 0.28 0.03 98.3 0.62 0.65 0.67±0.02 3.80
202064943 94.2192 22.7114 X 19.5 18.8 0.00 2.45+0.64−0.66 2.84
+0.52
−0.66 2.58
+0.41
−0.63 5.30 0.45 21.4 1.18 1.26 0.00±0.00 0.00
202064947 94.5567 24.8708 q 18.8 18.8 1.80 2.32+0.56−0.52 2.58
+0.35
−0.67 2.32
+0.49
−0.57 3.93 0.00 61.2 0.23 0.21 0.42±0.05 38.93
202065012 97.5071 25.2339 q 20.4 18.9 0.80 3.11+0.21−0.21 1.66
+1.33
−1.32 3.11
+0.47
−0.47 5.86 2.55 38.4 4.88 4.88 9.07±2.50 424.82
202065014 96.5279 24.5553 q 20.3 18.9 1.80 2.84+0.37−1.24 2.58
+0.56
−1.08 2.97
+0.34
−1.19 6.02 0.14 27.5 0.60 0.64 1.78±0.48 15.75
202065018 99.1083 27.3522 q 19.6 18.9 0.00 2.58+0.57−1.15 2.84
+0.56
−0.82 2.05
+0.91
−0.91 2.79 0.03 99.2 0.29 0.29 0.00±0.00 0.00
202065020 95.4704 24.8564 qR 20.2 18.9 0.50 2.84+0.43−0.42 1.66
+1.32
−1.32 2.84
+0.38
−0.38 5.05 2.16 25.2 1.28 0.93 1.35±0.31 118.93
202065024 97.2104 27.5569 q 20.0 18.9 1.10 2.97+0.52−0.51 1.13
+1.02
−1.01 2.84
+0.61
−0.61 4.45 2.69 32.5 0.89 0.62 1.22±0.33 6.29
202065027 95.2908 26.3306 q 20.3 18.9 2.20 3.11+1.77−1.77 1.92
+1.52
−1.51 1.79
+0.76
−0.76 1.70 0.03 50.2 0.20 0.21 0.33±0.03 44.06
202065033 92.6587 24.0169 q 19.0 18.9 0.90 1.79+1.41−1.41 2.05
+1.04
−1.04 1.26
+1.79
−1.79 -0.11 0.09 82.6 0.26 0.25 0.28±0.03 189.93
203712498 238.8386 -25.1987 X 17.9 17.6 0.00 2.71+0.00−0.00 2.18
+0.00
−0.00 2.05
+0.72
−0.88 2.98 2.95 65.9 1.77 1.74 0.00±0.00 0.00
204364577 243.6638 -22.6238 X 19.6 18.8 0.00 2.45+0.32−0.65 2.05
+0.00
−0.00 1.66
+0.83
−0.50 1.59 0.28 21.4 0.81 0.77 0.00±0.00 0.00
205069410 240.2535 -19.5551 q 20.5 18.8 1.20 2.18+0.00−0.00 2.05
+0.47
−0.30 2.58
+0.55
−1.14 4.44 3.45 42.4 1.38 1.37 2.55±0.77 63.81
205108579 242.0021 -19.3619 q 19.0 17.8 2.40 2.18+0.00−0.00 1.66
+0.63
−0.63 1.53
+0.77
−0.45 1.33 0.01 46.4 0.12 0.12 0.17±0.01 0.00
205161826 240.3796 -19.0947 q 19.7 18.6 1.20 2.32+0.00−0.00 1.53
+0.90
−0.90 2.05
+0.64
−0.92 2.50 0.18 86.8 0.26 0.37 0.56±0.11 36.04
205233430 239.9710 -18.7242 q 19.5 18.8 1.00 2.32+0.00−0.00 1.26
+0.69
−0.69 1.00
+0.00
−0.00 -0.41 5.10 2.8 3.10 2.96 2.96±0.00 69.66
205499024 242.1542 -17.1865 q 19.5 19.0 1.00 1.39+0.00−0.00 1.79
+0.24
−0.18 1.39
+0.00
−0.00 0.72 8.21 0.9 5.49 4.99 5.72±0.00 53.37
205589571 243.0043 -16.5535 q 19.2 18.5 2.30 2.32+0.00−0.00 2.32
+0.00
−0.00 1.53
+0.63
−0.63 1.10 0.50 84.9 0.97 0.95 1.30±0.07 0.00
205657421 241.6560 -16.0313 q 19.6 18.8 0.90 2.05+0.17−0.14 1.79
+0.83
−0.62 1.66
+0.52
−0.52 1.26 4.22 56.6 1.22 1.63 2.02±0.18 53.37
205662407 242.2596 -15.9916 q 20.0 18.7 1.40 2.32+0.63−0.63 1.92
+0.50
−0.67 2.32
+0.28
−0.25 4.02 1.05 17.2 4.06 3.75 6.67±0.48 38.93
205708067 248.0279 -15.6024 2 19.5 19.0 0.00 2.05+0.00−0.00 2.58
+0.62
−0.90 2.45
+0.60
−0.99 4.21 0.03 77.0 0.31 0.29 0.00±0.00 0.00
205905563 333.4540 -17.9759 QX 17.6 17.6 1.18 3.11+0.00−0.00 2.71
+0.00
−0.00 2.84
+0.00
−0.00 5.62 1.05 1.4 1.90 1.69 3.47±0.00 80.61
205922171 339.6602 -17.3434 X 17.1 18.2 0.00 2.71+0.57−0.97 2.58
+0.54
−0.83 2.58
+0.69
−0.82 5.26 0.21 66.7 1.37 1.34 0.00±0.00 0.00
205926751 333.2510 -17.1716 AR 17.2 16.6 0.15 2.84+0.42−0.85 2.05
+0.49
−0.36 2.32
+0.47
−0.51 3.77 0.03 67.3 1.01 1.03 1.12±0.31 393.09
205951387 333.7327 -16.3245 AX 18.2 17.0 0.30 2.58+0.68−0.85 2.18
+0.38
−0.61 2.45
+0.73
−0.80 3.98 0.05 94.8 1.13 1.12 1.35±0.58 4.49
205955477 333.8638 -16.1925 QX 20.6 18.1 3.99 2.97+0.14−0.96 1.00
+1.10
−1.10 2.05
+0.47
−0.32 3.23 0.19 28.7 1.39 1.39 3.24±0.14 0.00
206015673 337.9152 -14.3728 R 17.5 17.3 0.00 2.97+0.81−0.81 1.79
+0.68
−0.51 2.18
+0.63
−0.69 3.33 0.07 70.5 0.41 0.42 0.00±0.00 0.00
206020795 343.2466 -14.2231 X 18.6 18.2 0.00 2.97+0.24−0.23 2.84
+0.17
−0.07 2.84
+0.37
−0.20 5.89 0.40 17.6 4.62 4.01 0.00±0.00 0.00
150
Table B1: Continued from previous page
EPIC RA (deg) DEC (deg) Type b′ r′ z βopt βPRF9 βdet Norm Noise Prob (%) σo (%) σf (%) σres,f (%) Lb (×1045 erg/s)
206026285 331.3400 -14.0664 R 18.4 18.0 0.00 2.97+0.22−0.95 2.97
+0.53
−0.74 2.32
+0.72
−0.56 4.00 0.13 58.2 1.15 1.14 0.00±0.00 0.00
206065686 342.2947 -13.0008 BR 18.7 18.6 0.00 2.97+0.45−0.83 2.71
+0.46
−0.73 2.45
+0.36
−0.48 4.27 0.84 46.8 3.06 3.13 0.00±0.00 0.00
206172695 342.0730 -10.2631 QR 17.9 17.0 0.29 3.11+0.81−0.81 1.39
+0.43
−0.32 1.92
+0.64
−0.52 2.80 0.06 76.6 1.23 1.22 1.37±0.28 9.28
206185225 344.3293 -10.0180 QX 18.3 18.2 2.08 2.45+0.73−0.70 1.92
+0.85
−0.90 1.66
+0.58
−0.58 1.48 0.23 89.9 0.75 0.76 1.10±0.07 11.41
206191531 339.0297 -9.9036 q 18.7 18.6 1.10 2.05+0.59−0.59 1.92
+0.62
−0.54 1.92
+0.53
−0.43 1.96 0.27 72.3 1.14 1.19 1.68±0.18 920.75
206201587∗ 337.9927 -9.7333 QR 17.8 17.8 0.92 2.18+0.91−0.42 1.39
+0.43
−0.43 1.92
+0.52
−0.52 2.74 0.01 85.3 0.72 0.73 0.98±0.12 129.78
206223915 340.1788 -9.3809 q 18.5 18.5 1.20 2.05+0.59−0.42 2.18
+0.37
−0.36 2.05
+0.35
−0.45 2.66 0.17 35.0 0.98 0.99 1.50±0.14 182.20
206224059 332.9969 -9.3786 q 18.5 18.7 2.00 2.18+0.38−0.31 2.18
+0.00
−0.00 2.05
+0.11
−0.13 3.39 0.19 12.1 0.85 0.87 1.56±0.03 190.46
206225059∗ 338.6586 -9.3629 AR 18.9 17.8 0.25 3.11+1.00−1.00 2.45
+0.61
−0.72 3.11
+1.01
−1.01 6.07 0.12 90.2 1.45 1.46 1.84±1.57 707.23
206238354 339.6081 -9.1659 q 18.4 18.1 0.60 2.84+0.85−0.85 3.37
+0.00
−0.00 2.45
+0.68
−0.63 4.25 0.07 92.5 0.71 0.72 1.02±0.30 3.60
206240592 343.7932 -9.1320 Q2 19.9 18.4 0.41 2.58+0.55−0.73 2.45
+0.53
−0.92 2.18
+0.62
−0.56 3.64 1.41 64.0 2.07 2.23 2.74±0.68 41.13
206241448 334.3584 -9.1183 BR 14.1 12.6 0.09 2.05+0.37−0.34 1.79
+0.46
−0.50 1.53
+0.00
−0.00 1.79 0.00 2.2 0.26 0.23 0.23±0.00 5.12
206252148 342.8421 -8.9564 AR 18.4 17.3 0.08 3.24+0.34−0.34 1.66
+1.07
−1.07 2.18
+0.79
−0.89 3.19 0.14 83.6 0.54 0.54 0.57±0.26 21.63
206256982 334.6746 -8.8848 QR 18.3 18.0 0.76 2.18+0.37−0.62 1.66
+0.70
−0.70 1.66
+0.38
−0.44 1.20 0.17 28.2 0.43 0.46 0.56±0.04 0.57
206265146 334.3810 -8.7605 AR 19.3 17.8 0.16 2.18+0.42−0.32 1.79
+0.35
−0.31 1.66
+0.00
−0.00 1.97 0.07 2.8 0.43 0.42 0.44±0.00 77.28
206267233∗ 338.2612 -8.7303 AR 17.3 15.5 0.06 2.71+0.60−0.94 1.26
+0.57
−0.57 2.45
+0.60
−0.60 4.44 0.02 94.5 0.66 0.63 0.65±0.27 1.04
206293494 334.3440 -8.3394 QX 19.7 18.2 1.16 3.37+0.75−0.75 3.37
+0.84
−0.84 2.18
+0.64
−0.62 3.51 0.07 69.0 1.49 1.52 2.39±0.41 0.72
206297540 330.1917 -8.2790 q 19.2 18.0 1.80 2.45+0.50−0.62 2.18
+0.00
−0.00 2.05
+0.64
−0.58 2.71 0.44 75.0 1.10 1.07 1.85±0.21 64.14
206302006 334.3315 -8.2096 QX 20.1 18.5 1.46 2.32+0.80−0.86 2.58
+0.53
−1.25 1.39
+0.88
−0.88 0.41 1.05 90.9 1.35 1.32 1.57±0.11 301.69
206302744 334.3726 -8.1986 QX 20.0 18.7 1.01 1.26+1.02−1.02 1.39
+0.65
−0.65 1.39
+0.96
−0.96 0.73 0.47 95.8 0.94 1.03 1.18±0.11 82.98
206304512∗ 337.5436 -8.1717 Q 18.0 17.9 0.62 2.05+0.31−0.29 2.05
+0.40
−0.32 2.05
+0.30
−0.17 3.79 0.08 15.8 3.20 3.11 4.01±0.31 36.21
206315574 331.1682 -7.9991 q 19.3 18.4 1.10 3.11+0.00−0.00 1.13
+0.59
−0.59 1.39
+0.00
−0.00 0.28 55.15 2.5 5.83 7.69 8.91±0.00 61.72
206322522 335.2323 -7.8883 AX 17.3 17.2 0.15 2.58+0.59−0.64 2.18
+0.71
−0.60 2.45
+0.60
−0.55 4.65 0.00 44.8 0.27 0.28 0.31±0.11 78.59
206322600 334.4833 -7.8871 QX 19.1 18.4 1.56 1.92+0.68−0.84 1.53
+0.80
−0.80 1.79
+0.85
−0.67 2.30 0.19 95.9 0.60 0.63 0.92±0.11 4.33
206339230 330.8481 -7.6252 AR 14.2 11.2 0.04 2.05+0.53−0.34 2.18
+0.00
−0.00 1.92
+0.19
−0.17 2.86 0.00 15.3 0.25 0.25 0.26±0.02 230.51
206341987 333.0146 -7.5789 AR 14.4 11.8 0.05 1.79+0.33−0.32 3.24
+0.00
−0.00 1.79
+0.27
−0.29 2.48 0.00 23.2 0.17 0.18 0.19±0.02 4.67
206343765∗ 337.6033 -7.5510 AR 17.5 15.6 0.06 2.18+0.00−0.00 2.45
+0.00
−0.00 2.18
+0.00
−0.00 3.94 0.01 6.2 0.56 0.51 0.53±0.00 5.82
206344400 330.6410 -7.5403 AR 16.0 13.4 0.06 2.58+0.44−0.60 2.71
+0.39
−0.83 2.45
+0.47
−0.47 4.54 0.01 61.5 0.90 0.86 0.90±0.29 0.59
206357066 338.4871 -7.3318 q 19.6 18.7 1.30 2.05+0.71−0.68 1.26
+0.99
−0.99 1.66
+0.50
−0.57 1.54 0.97 61.1 1.15 1.23 1.62±0.12 1.99
206357549 336.2189 -7.3233 q 18.6 18.3 0.50 2.84+0.60−0.89 2.05
+0.00
−0.00 1.92
+0.63
−0.47 3.02 0.07 76.3 0.76 0.75 0.91±0.15 92.13
206371473 332.6909 -7.0939 q 19.1 18.4 2.20 1.39+0.36−0.39 1.00
+0.43
−0.43 1.13
+0.36
−0.36 0.20 0.11 47.5 1.45 1.44 1.56±0.01 22.52
206375071 334.1738 -7.0333 q 19.0 18.6 0.20 2.45+0.25−0.24 2.97
+0.00
−0.00 2.32
+0.28
−0.17 3.62 1.10 13.6 2.62 2.52 2.84±0.35 529.16
206377690 337.3884 -6.9922 q 18.8 18.5 1.90 2.71+0.87−0.87 1.66
+0.40
−0.48 2.58
+0.57
−0.90 4.31 0.17 76.8 0.92 0.91 2.11±0.42 2.14
206379076 333.2291 -6.9694 q 18.9 18.3 0.90 1.26+0.61−0.61 2.84
+0.00
−0.00 1.00
+0.36
−0.36 0.32 -0.08 51.1 2.07 2.11 2.11±0.00 485.19
206391511 336.0164 -6.7706 q 18.5 18.7 1.60 2.18+0.88−0.49 2.32
+0.18
−0.34 2.18
+0.84
−0.42 3.64 0.26 29.9 1.12 1.10 1.94±0.28 69.33
206393145 333.3676 -6.7443 q 19.1 18.1 1.30 1.79+0.00−0.00 1.92
+0.52
−0.35 1.66
+0.00
−0.00 1.30 0.44 5.2 2.32 2.21 2.90±0.00 411.90
206393444 332.3568 -6.7391 qR 19.3 18.4 1.90 2.84+0.52−0.83 2.32
+0.33
−0.35 1.79
+0.58
−0.50 1.86 0.50 56.7 1.52 1.55 2.35±0.17 140.08
206400807 334.3470 -6.6192 q 19.3 18.7 0.70 1.00+0.47−0.47 1.00
+0.27
−0.26 1.00
+0.51
−0.51 0.34 -0.22 67.3 2.79 3.03 3.03±0.00 316.10
206403979 332.8894 -6.5686 qR 19.4 18.2 2.70 1.79+0.50−0.23 1.66
+0.26
−0.23 1.92
+0.19
−0.37 2.18 0.44 25.5 1.34 1.41 2.58±0.09 0.00
206406129 334.0766 -6.5328 q 18.4 18.0 2.20 1.00+0.00−0.00 1.26
+1.36
−1.35 1.00
+0.00
−0.00 0.14 1.38 0.6 4.51 4.87 4.87±0.00 28.23
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Table B1: Continued from previous page
EPIC RA (deg) DEC (deg) Type b′ r′ z βopt βPRF9 βdet Norm Noise Prob (%) σo (%) σf (%) σres,f (%) Lb (×1045 erg/s)
206409156 337.0962 -6.4818 q 18.8 18.3 0.70 2.58+0.40−0.64 2.58
+0.50
−0.96 2.45
+0.46
−0.57 4.51 0.22 29.6 1.38 1.30 1.91±0.42 969.37
206411085 332.8818 -6.4500 q 19.8 18.5 1.40 1.53+0.34−0.34 1.53
+0.73
−0.73 1.53
+0.27
−0.31 1.51 2.13 23.9 3.21 3.23 4.07±0.13 42.48
206411765 333.6097 -6.4388 q 19.0 18.5 0.60 2.58+0.69−0.97 2.58
+0.59
−0.85 2.32
+0.61
−0.83 4.14 0.05 98.2 0.57 0.57 0.78±0.23 95.24
206415643 333.0105 -6.3742 q 19.4 18.4 1.90 2.84+0.57−1.05 2.84
+0.53
−1.17 1.92
+0.86
−0.68 2.84 0.58 100.0 1.54 1.56 2.55±0.31 25.21
206417966 332.7875 -6.3346 q 19.0 17.9 2.20 1.79+0.15−0.25 1.53
+0.77
−0.77 1.92
+0.16
−0.21 2.69 0.36 14.0 1.57 1.58 2.70±0.07 290.24
206431611 338.9928 -6.1068 q 18.7 18.4 1.50 1.92+1.12−0.38 1.92
+0.29
−0.36 2.84
+0.40
−1.27 5.34 0.32 29.2 1.02 1.01 2.35±0.72 576.77
206444031 335.2122 -5.9041 q 18.5 18.5 0.50 1.53+0.15−0.15 1.39
+0.55
−0.55 1.53
+0.00
−0.00 1.63 0.21 6.5 1.76 1.60 1.78±0.00 291.67
206444462 339.6827 -5.8975 q 19.0 18.5 2.00 2.97+0.36−0.64 2.18
+0.45
−0.43 2.71
+0.31
−0.55 4.70 0.33 27.5 0.94 1.00 2.55±0.31 24.41
206445142 338.6208 -5.8855 q 18.4 17.6 0.90 2.32+0.16−0.16 2.45
+0.67
−0.76 2.05
+0.00
−0.00 3.50 0.07 3.5 1.44 1.35 1.89±0.00 459.61
206455495 333.0035 -5.7121 q 19.7 18.6 0.30 2.84+1.05−1.05 1.79
+0.66
−0.76 2.58
+0.61
−1.04 4.59 2.50 87.4 3.00 2.99 3.67±1.84 105.16
206458738 339.7395 -5.6557 QR 18.1 16.1 0.17 2.71+0.56−0.98 1.92
+0.34
−0.19 2.58
+0.78
−0.79 4.92 0.04 56.0 0.53 0.53 0.60±0.32 2.96
206460591 332.5498 -5.6238 q 19.8 18.6 2.50 2.71+0.46−0.89 1.00
+1.64
−1.64 2.05
+0.57
−0.41 3.08 2.31 35.0 4.05 4.02 7.77±0.57 0.00
206479772 338.6594 -5.2769 q 18.3 18.6 2.00 2.05+0.00−0.00 1.79
+0.80
−0.80 1.92
+0.00
−0.00 2.29 0.62 7.2 1.39 1.26 2.10±0.00 3.20
206481042 335.7698 -5.2529 q 19.2 18.6 1.70 2.45+0.68−0.84 2.18
+0.52
−0.57 1.92
+0.47
−0.62 2.12 0.67 61.2 1.13 1.21 1.91±0.18 840.92
206491828 336.5714 -5.0429 QX 19.1 18.7 1.87 3.37+0.73−0.73 3.11
+0.48
−0.48 2.58
+0.47
−0.67 5.24 0.00 75.0 0.25 0.25 0.58±0.09 262.51
206495717 336.2509 -4.9649 qX 19.3 18.6 0.30 2.97+0.43−0.40 2.18
+0.58
−0.59 2.32
+0.45
−0.51 3.59 1.06 39.7 1.38 1.48 1.76±0.43 358.83
206496452 336.4469 -4.9504 QR 18.8 17.2 1.40 3.11+1.04−1.04 2.58
+0.42
−0.08 2.71
+0.54
−1.12 4.74 0.55 84.9 1.50 1.50 3.17±0.94 4.04
206506250 339.8153 -4.7517 q 19.2 18.5 1.20 2.45+0.48−0.68 2.18
+0.55
−0.61 2.32
+0.62
−0.56 3.74 0.58 54.7 1.37 1.37 2.30±0.41 222.81
206507165 340.3049 -4.7331 q 18.7 18.4 1.20 1.92+0.00−0.00 1.26
+0.74
−0.74 1.79
+0.19
−0.29 1.96 0.69 15.8 1.19 1.26 1.72±0.07 105.66
206511385 340.0497 -4.6477 X 18.6 17.9 0.00 2.18+0.66−0.34 2.18
+0.64
−0.63 2.18
+0.24
−0.22 4.10 0.11 23.6 1.09 1.09 0.00±0.0 0.00
206512266 335.7320 -4.6302 q 19.2 18.5 0.90 2.32+0.57−0.82 1.39
+0.70
−0.69 1.79
+0.55
−0.54 2.03 0.19 48.1 0.78 0.75 0.97±0.11 160.84
206530319 335.6790 -4.2460 q 19.0 18.4 1.30 2.18+0.72−0.51 1.92
+0.71
−0.59 2.18
+0.85
−0.46 3.53 0.42 27.7 1.61 1.58 2.58±0.44 54.09
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Figure B1: ‘Optimal’ and ‘optimal’ de-trended light curves.
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Figure B1: ‘Optimal’ and ‘optimal’ de-trended light curves.
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Figure B1: ‘Optimal’ and ‘optimal’ de-trended light curves.
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Figure B1: ‘Optimal’ and ‘optimal’ de-trended light curves.
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Figure B1: ‘Optimal’ and ‘optimal’ de-trended light curves.
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Figure B1: ‘Optimal’ and ‘optimal’ de-trended light curves.
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Figure B1: ‘Optimal’ and ‘optimal’ de-trended light curves.
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Figure B2: Power spectral densities of the AGN from the MQ catalogue showing
the different PSD shapes. The green solid line indicates the observed power spectra
and the black filled circles with error bars are the simulated model with the highest
acceptance probability.
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Figure B2: Power spectral densities of the AGN from the MQ catalogue showing
the different PSD shapes. The green solid line indicates the observed power spectra
and the black filled circles with error bars are the simulated model with the highest
acceptance probability.
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Figure B2: Power spectral densities of the AGN from the MQ catalogue showing
the different PSD shapes. The green solid line indicates the observed power spectra
and the black filled circles with error bars are the simulated model with the highest
acceptance probability.
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Figure B2: Power spectral densities of the AGN from the MQ catalogue showing
the different PSD shapes. The green solid line indicates the observed power spectra
and the black filled circles with error bars are the simulated model with the highest
acceptance probability.
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Figure B2: Power spectral densities of the AGN from the MQ catalogue showing
the different PSD shapes. The green solid line indicates the observed power spectra
and the black filled circles with error bars are the simulated model with the highest
acceptance probability.
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Figure B2: Power spectral densities of the AGN from the MQ catalogue showing
the different PSD shapes. The green solid line indicates the observed power spectra
and the black filled circles with error bars are the simulated model with the highest
acceptance probability.
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Figure B2: Power spectral densities of the AGN from the MQ catalogue showing
the different PSD shapes. The green solid line indicates the observed power spectra
and the black filled circles with error bars are the simulated model with the highest
acceptance probability.
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Figure B2: Power spectral densities of the AGN from the MQ catalogue showing
the different PSD shapes. The green solid line indicates the observed power spectra
and the black filled circles with error bars are the simulated model with the highest
acceptance probability.
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Summary
Cataclysmic variable stars (CVs), X-ray binaries (XRBs) and active galactic nu-
clei (AGN) exhibit many observational similarities, such as their light curve variability
properties, their collimated jets, and their spectral state transitions. These similarities
suggest that the underlying physical processes in their accretion discs must be sim-
ilar, regardless of the type, the mass or the size of the compact object involved. In
the past decades, X-ray variability studies of X-ray binaries have given us insight into
the mechanisms operating in the accretion flow and the structure of accretion discs.
Nowadays, thanks to high time-resolution optical cameras we can do similar studies
of accretion discs around white dwarfs; brighter and nearer objects that are excellent
laboratories to test accretion theories. The accretion discs around supermassive black
holes also emit mainly in the optical regime. Thus, we can explore the rapid optical
variability properties of AGN and compare them to previous results reported on much
longer time-scales, and to their variability properties observed in X-rays.
In this thesis ‘Exploring rapid variability of accreting compact sources’, I have
presented optical observations of cataclysmic variables where I studied their rapid
variability properties (Chapters 2 and 3). I studied the thermonuclear explosions of
an accreting neutron star seen in X-ray light curves in chapter 4. I also explored the
rapid optical variability properties of a large sample of AGN in Chapter 5.
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Chapter II: Time lags in SS Cygni
The investigation of time lags in SS Cygni was motivated by the results published
by Scaringi et al. (2013) where they reported the detection of soft time lags in two
cataclysmic variable stars. A time lag is the time delay between two simultaneous
signals obtained at two different (optical) wavelengths. The detection of soft lags
indicates that the emission at longer wavelengths (redder photons) is delayed with
respect to the emission emoted at shorter wavelengths (bluer photons). This feature
is of interest as many XRBs and AGN have shown such lags. Thus, it is important
to determine whether the light curves of other CVs show similar time lag behaviour.
In AGN and XRBs, hard lags have also been observed at lower frequencies than the
soft lags. In this case the harder photons arrive later than the softer photons. Hard
lags are explained by the propagating fluctuation model, which satisfactorily explains
other variability properties observed in accreting systems such as the broad spectrum
or the linear rms–flux relation. According to this model flow fluctuations at different
radii propagate inwards coupling multiplicatively with the fluctuations occurring fur-
ther in. As a result the fluctuations in the inner part of the disc are larger than those
in the outer parts of the disc. For their importance to constrain variability models, we
wanted to study whether we can observe hard lags in CVs as well.
The observations were performed with the instrument ULTRACAM mounted on
the 4.2-m William Herschel Telescope (WHT) in La Palma. We found a soft lag of
∼ 5 seconds, indicating that the redder (softer) photons arrive 5 seconds later than the
bluer (harder) ones. The delay found cannot be explained by the light travel time from
the WD to the accretion disc as observed in AGN, because the reflecting region would
lie between 2.5− 3 R, thus outside of the accretion disc. We therefore proposed a
geometrical scenario where the high energy photons from the corona travel to the disc,
and because the disc is cool the photons are not instantly re-emitted, but instead they
get reprocessed. The relevant time-scale for reprocessing of photons may be close to
the recombination time-scale if they get reprocessed in the upper layers of the disc
where the density is lower. In addition, we did not find a significant hard lag at lower
frequencies.
No correlation was found when linking the variability amplitude of the 3 CVs that
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showed soft lags with any parameter of the system, such as white dwarf mass or binary
separation. Hence, further investigation of Fourier time-lags in other CVs is needed
to understand the underlying physical processes governing the flow in accretion discs.
A larger sample might allow us to link the observed time-scales to parameters of these
systems. Moreover, in order to test the validity of the propagating fluctuation model
in CVs, monitoring the source for a longer time is required to check for the existence
of hard lags in CVs.
Chapter III: The rms–flux relations of CVs
The linear rms–flux relation is an observational property that has been reported
for many XRBs and AGN. It shows that when the source is brighter it gets more vari-
able. Recently, this relation has been also detected for a handful of CVs on time-scales
of minutes. Here, we investigated whether the linear rms–flux relation is a universal
property of CVs on much faster time-scales (seconds) and for all classes of CVs with
accretion discs: dwarf novae, nova-like variable stars and intermediate polars. For
this purpose, we performed observations of 12 CVs using the instrument ULTRA-
CAM mounted on the 4.2-m WHT and the 8.2-m Very Large Telescope in Paranal,
Chile.
We report the detection of the linear rms–flux relation on 5 seconds time-scale for
6 CVs, including dwarf novae, nova-like variable stars and an intermediate polar, a
magnetic CV. We cannot confirm a linear rms–flux relation for the other 6 systems
of our sample. We believe this is attributed to the low variability observed in these
sources compared to the ones that do display the linear rms–flux relation. For the sys-
tems with linear rms–flux relations, we noticed that they show positively-skewed flux
distributions. This suggests that the process that generates the variability is multiplica-
tive not additive, thus the observed properties could be explained by the propagating
fluctuation model of Arevalo & Uttley (2006). We noted that there are some devi-
ations from linearity that possibly could be explained by the non-stationarity of the
light curves over the fast time-scales explored. Thus, on fast time-scales there are
longer-term trends.
181
SUMMARY
All the CVs studied here show broad power spectra, characterised by a power-law
index of −2 in the high frequency domain, and a frequency break at around 10−3 Hz.
Breaks in the power spectra have been associated with a characteristic time-scale in
the inner part of the disc. The break is seen at the same frequency in the intermediate
polars, systems whose accretion discs are truncated due to the magnetic field strength,
thus with an inner edge of the disc further out than in dwarf novae. We found this
puzzling, and we believe the break cannot be associated with a viscous time-scale at
the inner edge of the truncated thin disc. The frequency break can be associated with
the viscous time-scale in a hot flow that goes along the magnetic field lines or in the
accretion column at the poles of the white dwarf. Another possibility is that the opti-
cal emission is just the thermal reprocessing of UV or X-rays.
Chapter IV: Thermonuclear explosions on the surface of
a neutron star
In this chapter we inspected the X-ray light curves of a low-mass X-ray binary,
Ginga 0836–429, that consists of a weakly magnetised neutron star and a main-
sequence companion star. We used observations from ISGRI (15 keV–1 MeV) and
JEM-X (3–35 keV) onboard the INTEGRAL satellite to search for Type I X-ray
bursts. These explosive phenomena are seen as a rapid increase in flux above the
persistent flux on a time-scale of seconds, then followed by an exponential decline
that lasts from seconds to minutes. These bursts are generated by a thermonuclear
runaway on the surface of a neutron star when sufficient material piles up and the
temperature and pressure reach ignition conditions.
We have explored the energetics and the time-scales of the 61 X-ray bursts de-
tected. The bursts have a quasi-regular recurrence every ∼ 2 hr, thus enough fresh
material is accumulated on the surface of the neutron star to trigger a burst in two
hours. The composition of the fuel is a mix of H/He as indicated by the profile of the
bursts (long exponential decays) and the coefficient α ∼ 50, the ratio of the integrated
persistent flux between two consecutive bursts to the burst fluence. Interestingly, we
report the detection of four series of double bursts with recurrence times of ≤ 20 min.
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The recurrence time in double bursts is too short to allow the accretion of enough fresh
material, which suggests that not all the material was burnt in the preceding burst. The
energies and time scales of the secondary bursts suggest a lower fraction of hydrogen
compared to that estimated for the primary bursts.
Furthermore, studying the spectra of the bursts we could give an upper limit to the
distance to the source of 9.2 kpc. Using that upper limit we derived the apparent pho-
tospheric radius of the neutron star as being < 9 km, consistent with a the canonical
neutron star radius of 10 km. Additionally, we studied the spectral state of the source
at the time of the observations using both JEM-X and ISGRI spectra. The average
persistent spectrum was fitted with an absorbed power-law modified by a cut-off at
energies ∼ 57 keV. The lack of a soft component shows us that the source was in the
hard state. We derived the local accretion rate onto the neutron star to be about 8 % of
the Eddington accretion rate. This accretion rate corresponds to the case explained by
Fujimoto et al. (1981), where the hydrogen is accreted faster than it can be consumed
by steady burning (because it is limited by the rate of β decay in the CNO cycle), and
the helium ignites unstably in an H-rich environment. These types of observations
can help to constrain current models on thermonuclear explosions on the surface of
neutron stars. For this purpose, the X-ray mission Athena will provide unprecedented
high-time resolution observations in the 0.2−15 keV energy band and spectra.
Chapter V: Optical variability properties of a sample of
AGN observed with Kepler
In the final chapter of this thesis we have studied the optical variability properties
of a sample of 250 AGN observed with Kepler/K2. The purpose of this research was
to determine the general variability properties of a sample of AGN only selected by
their brightness, with V < 19 magnitude, i.e. regardless of the type of the AGN, the
mass, the luminosity or the distance. We observed 250 AGN with K2 during the first 4
campaigns of the mission with a duration of ∼ 80 days and a sampling of 30 minutes.
We derived the power spectra of these sources and fit a model. In order to do so, we
performed Monte Carlo simulations of artificial light curves with different power-law
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models to find the model that fits the observed power spectrum best.
We found that all the power spectra are well described by a simple power-law
model with a power-law index varying from −1.0 to −3.5. This result is consistent
with previous studies of Kepler that showed very steep power spectral densities, but
it is also consistent with results using ground telescopes that presented slopes of −2.
Thus, the power spectral densities of Kepler AGN show a variety of slopes that cannot
be simply modelled by a damped random walk model. Furthermore, a frequency break
was not required at lower frequencies to fit the power spectra: we believe the break,
if present, should be at much longer time-scales not covered by our observations. We
do not detect any quasi-periodic oscillations in these systems. Additionally, we found
that the typical amplitude of variability of the sample is 2% in the frequency range
6× 10−6− 10−4 Hz. Furthermore, we have found that blazars in our sample show
larger amplitude variability compared to regular Seyfert galaxies. Thus, variability
studies on short time-scales are ideal to identify and classify AGN, and have demon-
strated that the power spectral densities shapes of AGN at fast time-scales are very
similar to those of CVs or XRBs.
We found a correlation between the rest-frame amplitude of variability on hour-
long time-scales and the redshift, indicating that the AGN further away from us are
more variable. We attributed this effect to the wavelength dependence of variability.
The variability emitted by the AGN originally in the UV regime is larger, but since
we observe the AGN in the optical wavelengths together with nearer objects, objects
at larger distance show larger variability. Thus, we do not associate this with a cos-
mological evolution of the galaxies, which would imply that AGN at larger distances
(older) are intrinsically more variable than the AGN in our local Universe.
Moreover, in this work we have also explored in-depth the instrumental trends caused
by the differential velocity aberration, which can introduce variability in the system.
We proposed a different method to de-trend the light curve using a single sine curve
at the orbital period of the spacecraft.
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Looking forward
In this thesis, I have studied the rapid optical variability of different accreting
objects and have provided new evidence and further support for the universality of
accretion onto compact objects. The idea that the concepts of accretion are univer-
sal suggests that the observational properties found in one class of objects are also
likely to be found in every other class. For instance, in XRBs one typically finds non-
constant Fourier-resolved time lags. And indeed, I report the detection of soft time
lags in the dwarf nova SS Cygni. Further, the optical variability properties of a large
sample of randomly selected AGN can be described with the same models as devel-
oped for XRBs. Further support is provided by the observation that in both stellar and
supermassive accreting black holes one typically finds a linear rms-flux relation. In
this thesis I have reported the largest study to date of the rms–flux relation in CVs and
find that many, but not all, sources seem to follow the linear rms–flux relation even on
the shortest time-scales. This is a first indication that the accretion properties might
not be purely scale-invariant. In fact one should assume that, due to micro physics,
the scaling between source classes needs to break down at some point. I found that
some CVs do not seem to show a strictly linear rms-flux relation. While this might
be due to the low intrinsic variability of the source, it may well be that the proposed
picture is too simplistic. Other problems with this simple scaling relation include the
nearly constant break frequencies found in the PSDs of magnetic and non-magnetic
CVs, where a clear difference was expected. One would expect that the accretion discs
of magnetic systems are truncated, suggesting that they should have different break
frequencies. Additionally, the physical reason for the soft Fourier-resolved time-lags
seems to be different than the reason for such lags found in XRBs.
CVs and XRBs containing neutron stars have many observational properties in
common, such as the X-ray outbursts or the radio emission associated with jets. Ev-
idently, another feature shared by these objects is the presence of a solid surface for
the accreting star. It manifests itself in the thermonuclear explosions on their surfaces:
Classical nova explosions and type-I X-ray bursts are the most frequently occurring
types of thermonuclear stellar explosions in the Galaxy. For this reason, I studied the
X-ray binary Ginga 0836–429, which shows these interesting phenomena. In this sys-
tem I have found 61 thermonuclear explosions that allowed us to estimate the radius
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of the compact star, and to determine the composition of the accreted material. This
type of study is valuable for constraining current models on thermonuclear explosions
on the surface of compact objects.
Thus, it is crucial that the connection between accretion phenomena of different
source classes is studied further. This will be accomplished with the new generation of
optical telescopes, e.g. PLATO, that will provide unprecedented high time-resolution
light curves to study rapid variability. In addition, multi-wavelength surveys of CVs
will yield new observational results that could help us to understand their accretion
process. In particular, the radio telescope MeerKAT (the precursor of the Square
Kilometer Array, SKA) can provide insights into the accretion and outflow process
and will soon work in conjunction with the optical telescope MeerLICHT. For AGN
the new large synoptic surveys like the one that will be conducted by the LSST (Large
Synoptic Survey Telescope) will revolutionise the field.
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Samenvatting
Cataclysmische variabelen (CVs), Röntgen-dubbelsterren (RDs) en de actieve
kernen van sterrenstelsels (AGN) delen onderling vele observationele overeenkomsten
zoals de variabiliteit van hun lichtkrommen, het feit dat ze vaak gerichte plasma-jets
vertonen, en het feit dat ze kunnen wisselen tussen verschillende spectrale toestan-
den. Deze overeenkomsten suggereren dat de fysische processen die actief zijn in de
accretieschijven van deze objecten ook een gedeelde aard hebben die los staat van
het type, de massa of de grootte van het specifieke centrale object. Studies naar de
röntgenvariabiliteit van röntgendubbelsterren hebben ons over de afgelopen decennia
inzicht verschaft in deze mechanismen van de accretiestromen en ook in de structuur
van accretieschijven in het algemeen. Tegenwoordig kunnen we, dankzij moderne
optische camera’s met een hoge tijdsresolutie, soortgelijke metingen doen van de ei-
genschappen van accretiestromen rondom witte dwergen. Deze witte dwergen bieden
ons, gezien hun relatieve nabijheid en helderheid, een uitgelezen kans om de snelle
optische variabiliteit en aard van hun accretiestromen te onderzoeken. Accretiestro-
men rondom supermassieve zwarte gaten vertonen doorgaans ook sterke emissie in
het optische gebied. We kunnen dus de optische variabiliteit van de actieve kernen
van sterrenstelsels op een korte tijdsschaal vergelijken met hun variabiliteit op langere
tijdsduur, en verdere vergelijkingen maken met hun variabiliteit in het röntgengebied.
In dit proefschrift heb ik optische waarnemingen van cataclysmische variabelen
gepresenteerd, waarbij ik de eigenschappen van hun optische variabiliteit heb onder-
zocht (hoofdstukken 2 en 3). Verder in hoofdstuk 4 heb ik röntgenwaarnemingen van
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een accreterende neutronenster bestudeerd, waarbij ik thermonucleaire detonaties aan
het oppervlak heb onderscheiden en gekarakteriseerd. Als laatste in hoofdstuk 5 heb
ik de optische variabiliteit van een grote verzameling van actieve kernen van sterren-
stelsels bestudeerd en deze variabiliteit gekarakteriseerd.
Hoofdstuk II: Tijdsvertragingen in SS Cygni
Het onderzoek naar tijdsvertragingen in SS Cygni is gemotiveerd door de gepu-
bliceerde resultaten van Scaringi et al. (2013), waarin de auteurs rapporteerden dat
er een zogenoemde “zachte tijdsvertraging” was waargenomen in twee verschillende
cataclysmische variabelen. De term “tijdsvertraging” duidt een tijdsverschil aan in
de lichtkrommen van een bepaald object, die simultaan op verschillende golfleng-
ten waargenomen zijn. De patronen in de variabiliteit van de ene lichtkromme zijn
terug te zien in de andere lichtkromme, met een bepaalde tijdsvertraging tussen de
twee. Er is sprake van een “zachte tijdsvertraging” wanneer de lichtkromme op de
langere golflengte (het “rodere” licht) achterloopt op de lichtkromme van de kortere
golflengte (het “blauwere” licht). Dit gedrag is waargenomen in vele RDs en AGN,
en geeft aanleiding tot de vraag of het ook wordt gezien in de lichtkrommen van an-
dere cataclysmische variabelen. In AGN en RDs zijn verder “harde tijdsvertragingen”
(waarbij de lichtkromme van het blauwere licht achterloopt op die van het rodere licht)
waargenomen wanneer men variabiliteit op langere tijdschalen bechouwt. Deze harde
tijdsvertragingen kunnen verklaard worden middels het “propagating fluctuation mo-
del”, een model dat ook andere eigenschappen van de variabiliteit incorporeert zoals
het brede spectrum of de lineaire rms-flux relatie. Volgens dit model planten vari-
aties in massadoorstroom van het accreterende plasma zich inwaarts voort, waarbij
een multiplicatieve koppeling ontstaat met lokale variaties in het plasma die zich op
kleinere stralen voordoen. Dit zorgt ervoor dat het plasma op deze kleinere stralen
grotere dichtheidsfluctuaties vertoont dan het plasma verder naar buiten in de accre-
tieschijf. Omdat ze van belang zijn voor het kunnen maken van onderscheid tussen
verschillende accretiemodellen wilden we onderzoeken of deze harde tijdsvertragin-
gen waargenomen konden worden in CVs.
De waarnemingen zijn uitgevoerd met het ULTRACAM-instrument, gemonteerd
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op de 4.2-m William Herschel telescoop (WHT) op het eiland La Palma. In deze
data troffen we een “soft lag” aan van ∼ 5 seconden, hetgeen erop duidt dat het ro-
dere (“zachtere”) licht ongeveer vijf seconden later bij ons instrument aankwam dan
het blauwere (“hardere”) licht. Dit gevonden tijdsverschil is te groot om verklaard te
worden middels een extra lichtreistijd van de witte dwerg via de accretieschijf naar
ons toe (een verklaring die wel werkt bij AGN), omdat het reflecterende gebied op
een straal van 2.5 tot 3 R zou moeten liggen – wat buiten de accretieschijf is. Als
alternatieve verklaring voor deze gevonden tijdsvertraging stellen we voor dat deze
veroorzaakt worden via een ander geometrisch scenario. Hierin propageert een deel
van de straling, aanvankelijk uitgezonden in de corona van het systeem, eerst richting
de accretieschijf. Omdat de accretieschijf relatief koel is, wordt deze straling niet
direct gereflecteerd maar in plaats daarvan geabsorbeerd en heruitgezonden op een
andere golflengte. De tijdschaal voor deze heremissie kan vergelijkbaar zijn met de
recombinatie-tijdschaal wanneer straling in de buitenste lagen van de accretieschijf
wordt heruitgezonden, waar de gasdichtheid lager is. Verder hebben we in deze data
geen bewijs gevonden voor het bestaan van harde tijdsvertragingen op de lagere fre-
quenties (langere tijdschalen).
In de lichtkrommen van de 3 CVs die zachte tijdsvertragingen vertonen hebben
we geen correlatie gevonden tussen de amplitude van de variabiliteit en enige andere
systeemparameter zoals de massa van de witte dwerg of de onderlinge afstand tussen
de binaire componenten. Om deze reden is verder onderzoek naar de tijdsvertragin-
gen in andere CV-systemen nodig om een licht te kunnen schijnen op de fysische
processen die de variabiliteit van accretieschijven bepalen. Een grotere verzameling
van systemen zou ons in staat kunnen stellen om de relatie tussen de karakteristieke
tijdschalen van de gemeten tijdsvertragingen beter in verband te kunnen brengen met
andere systeemparameters. Om de geldigheid van het “propagating fluctuation mo-
del” in CVs verder te kunnen toetsen zijn ook waarnemingen op een langere tijdschaal
nodig: deze zullen metingen van harde tijdsvertragingen binnen bereik brengen.
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Hoofdstuk III: De rms–flux relatie van CVs
De lineaire rms–flux relatie is een observationele eigenschap die is geconstateerd
bij vele RDs en AGN. Deze relatie houdt in dat wanneer de bron helderder is, de va-
riabiliteit van deze helderheid proportioneel groter is. Deze relatie is recentelijk ook
aangetoond voor enkele CVs op korte tijdschalen van minuten. In dit werk hebben
we onderzocht of de lineaire rms–flux relatie een algemene eigenschap is van CVs op
nog kortere tijdschalen (seconden) en voor alle klassen van CVs met accretieschijven:
dwerg-novae (DNe), nova-achtige variabelen (NLs) en zogeheten Intermediate Polars
(IPs). Met dit doel hebben we waarnemingen uitgevoerd van 12 CV-systemen met
het ULTRACAM-instrument, gemonteerd op de 4.2-m WHT en tevens gebruikt op de
8.2-m Very Large Telescope op Paranal in Chili.
We rapporteren de detectie van de lineaire rms–flux relatie op tijdschalen van vijf
seconden voor zes CVs, waaronder DNe, NLs en een IP (een magnetische CV). Voor
de andere zes systemen in onze verzameling hebben we de lineaire rms–flux relatie
niet kunnen aantonen. We vermoeden dat de reden hiervoor de beperkte variabiliteit
is die we in deze bronnen hebben waargenomen, vergeleken met de bronnen die de
relatie wel hebben laten zien. Bij de systemen die blijk gaven van de lineaire rms–
flux relatie merkten we op dat ze allen een helderheidsverdeling lieten zien die een
hang naar de hogere fluxwaarden vertoonde. Dit suggereert dat het proces dat ver-
antwoordelijk is voor de variabiliteit van de flux een multiplicatief karakter heeft (in
tegenstelling tot een additief karakter), hetgeen in overeenstemming is met het “pro-
pagating fluctuation model” van Arevalo & Uttley (2006). Verder merken we op dat
we in een beperkt aantal gevallen een afwijking van de lineaire rms–flux relatie zien,
die verklaard kan worden middels het niet-constant zijn van de evenwichtswaarde in
de lichtkrommen op de korte tijdschalen die in overweging genomen zijn. Dit bete-
kent dat onze metingen op korte tijdschalen trends bevatten van fluctuaties op langere
tijdschalen.
Alle CVs die in dit werk bestudeerd zijn laten brede variabiliteitsspectra zien die
gekarakteriseerd worden door een machtswet met een index van −2 op de hogere
frequenties, vergezeld van een breuk in deze trend op 10−3 Hz. Deze breuken in de
trends van de variabiliteitsspectra zijn in het verleden geassocieerd met de aanwezig-
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heid van een karakteristieke tijdschaal in het binnenste gedeelte van de accretieschijf.
Intermediate Polars zijn systemen waarbij de accretieschijf binnen een bepaalde straal
scherp begrensd is vanwege de aanwezigheid van een sterk magnetisch veld, en waar-
bij deze binnenrand van de accretieschijf typisch verder naar buiten is geplaatst dan bij
DNe. Voor deze IPs zien we de breuk in het variabiliteitsspectrum steeds op dezelfde
frequentie opdoemen, wat we als een onverwacht resultaat bestempelen. Deze breuk
kan geassocieerd zijn met de viskeuze tijdschaal in een hete plasmastroom die langs
de magnetische veldlijnen of via een accretiekolom richting de witte dwerg geleid
wordt. Een andere mogelijkheid is dat de optische emissie die we meten gethermali-
seerde oorspronkelijke UV- of Röntgenstraling is.
Hoofdstuk IV: Thermonucleaire detonaties aan het op-
pervlak van een neutronenster
In dit hoofdstuk beschrijven we ons onderzoek naar de lichtkrommen van een
röntgendubbelster met lage massa, Ginga 0836–429, die bestaat uit een neutronen-
ster met een zwak magnetisch veld en een begeleider in de hoofdreeks. Voor dit
onderzoek hebben we waarnemingen gebruikt van de instrumenten ISGRI (15 keV–1
MeV) en JEM-X (3− 35 keV) op de INTEGRAL satelliet om te zoeken naar type-I
röntgenuitbarstingen. Deze explosieve gebeurtenissen nemen we waar via een zeer
snelle stijging van de flux boven het achtergrondniveau op een tijdschaal van secon-
den, gevolgd door een exponentiële verzwakking terug naar het achtergrondniveau
die seconden tot minuten duurt. Deze uitbarstingen worden veroorzaakt door een on-
stabiele thermonucleaire reactie aan het oppervlak van de neutronenster wanneer er
voldoende geaccreteerd materiaal opeenhoopt onder hoge druk en een temperatuur
van miljoenen Kelvin.
Van 61 van deze gedetecteerde Röntgenuitbarstingen hebben we de energieni-
veaus en tijdschalen onderzocht. De uitbarstingen komen met enige regelmaat voor,
namelijk ruwweg elke 2 uur. Hieruit maken we op dat er in dat tijdsbestek voldoende
materiaal wordt verzameld op het oppervlak van de neutronenster om een uitbarsting
te veroorzaken. We stellen dat de samenstelling van de nucleaire brandstof voor de
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uitbarstingen een H/He mengsel is. Dit wordt ondersteund door het geobserveerde
tijdsverloop van de uitbarstingen, die profielen met een lang exponentieel verval heb-
ben, in combinatie met de afgeleide coëfficiÃn´nt α ∼ 50 (α is gedefinieerd als de
verhouding tussen de geïntegreerde flux tussen twee opeenvolgende uitbarstingen en
de geïntegreerde flux van een uitbarsting). Interessant genoeg zien we enkele geval-
len waarin paren uitbarstingen elkaar opvolgen met een significant korter tijdsinterval
ertussen, minder dan 20 minuten. Dit korte tijdsinterval is onvoldoende om genoeg
vers materiaal te verzamelen voor een uitbarsting, hetgeen de indruk wekt dat de voor-
gaande uitbarsting niet al het verzamelde materiaal op heeft gebrand. De energieën en
tijdschalen van deze secundaire uitbarstingen wijzen ook naar een lagere fractie wa-
terstof die betrokken is in het proces dan wordt gezien bij de reguliere uitbarstingen.
Door middel van de spectra van deze uitbarstingen hebben we onze afstand tot de
bron kunnen vastleggen als zijnde minder dan 9.2 kpc. Met dit getal als bovenlimiet
hebben we afgeleid dat de straal van de fotosfeer van deze neutronenster kleiner is
dan 9 km, wat klopt met de canonieke straal voor neutronensterren van ongeveer 10
km. We hebben verder de spectrale toestand van de bron ten tijde van onze waar-
nemingen onderzocht met spectrale metingen van de instrumenten JEM-X en ISGRI.
We hebben een model van een geabsorbeerde machtswet gefit aan het waargenomen
gemiddelde achtergrondspectrum dat begrensd is beneden ∼ 57 keV. Het ontbreken
van een zachte component in dit spectrum duidt aan dat de bron zich in de zogehe-
ten “hard state” bevond. De bijbehorende accretiesnelheid aan het oppervlak van de
neutronenster hebben we gemeten als m˙≤ 8% of m˙Edd. Dit regime van accretiesnel-
heid strookt met het scenario zoals beschreven door Fujimoto et al. (1981), waarin
er waterstof sneller wordt geaccreteerd aan het oppervlak dan dat het plaatselijk op
een geleidelijke manier kan fuseren (omdat de snelheid van dit proces beperkt wordt
door het tempo van het β -verval proces in de CNO cyclus), en het aanwezige helium
onstabiele ontbranding ondergaat in de waterstofrijke omgeving. Waarnemingen van
dit type kunnen ons dus helpen om een onderscheid te maken tussen verschillende
modellen voor thermonucleaire uitbarstingen aan het oppervlak van neutronensterren.
Mede om deze reden is een volgende generatie van röntgentelescopen, zoals Athena,
belangrijk om in te zetten in dit onderzoek. Deze instrumenten zullen ons in staat
stellen om met een ongekend hoge tijdsresolutie waarnemingen uit te voeren in het
spectrale bereik van 0.2–15 keV.
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Hoofdstuk V: Eigenschappen van optische variabiliteit
van een verzameling van AGN waargenomen met Kepler
In het laatste hoofdstuk van dit proefschrift presenteer ik onze studie naar de opti-
sche variabiliteitseigenschappen van een verzameling van 250 AGN die is waargeno-
men met Kepler/K2. Het doel van dit onderzoek was om deze variabiliteitseigenschap-
pen vast te leggen voor een verzameling die alleen geselecteerd is op de helderheid
van de objecten. Deze helderheidsgrens is gesteld op V < 19, ongeacht de waarde van
andere systeemparameters zoals de massa, absolute helderheid, afstand of type AGN.
De 250 AGN zijn met Kepler/K2 waargenomen gedurende de eerste 4 campagnes,
met een totale duur van ∼ 80 dagen en een cadans van 30 minuten. We hebben de
variabiliteitsspectra van deze bronnen afgeleid en daaraan een algemeen model gefit
waarvan de parameters per bron konden verschillen. Deze fit is gedaan door eerst
Monte Carlo simulaties te draaien van bronnen met een gegeven machtswet voor de
variabiliteit om zo te zien welk variabiliteitsspectrum bij de machtwet past. Met deze
informatie konden we vervolgens de verschillende machtwetten koppelen aan de ge-
meten variabiliteitsspectra.
Als resultaat vonden we dat alle variabiliteitsspectra goed beschreven konden wor-
den via een eenvoudige machtwet, waarvan de index tussen de verschillende bronnen
varieerde tussen −1.0 en −3.5. Dit resultaat is in overeenstemming met eerdere vari-
abiliteitsstudies uitgevoerd met Kepler die ook dergelijke steile machtwetten vonden,
maar het is ook consistent met variabiliteitsstudies door telescopen gestationeerd op
Aarde die een typische index van −2 vonden. Het is duidelijk dat de variabiliteits-
spectra die wij hebben gemeten in onze Kepler-verzameling een wijd bereik aan indi-
ces laten zien die niet zonder meer gemodelleerd kunnen worden als een “gedempte
dronkemanswandeling”. Tevens was er bij deze model-fits geen noodzaak om een
trendbreuk van de machtwet in te voegen op de langere tijdschalen: een dergelijke
breuk, indien aanwezig, zou slechts voorkomen op langere tijdschalen dan die we met
onze waarnemingen hebben kunnen adresseren. We hebben geen quasi-periodieke
oscillaties kunnen onderscheiden in deze bronnen. Verder hebben we kunnen con-
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stateren dat de typische variabiliteitsamplitude 2 % bedraagt in het spectrale bereik
van 6× 10−6− 10−4 Hz. We merken ook op dat de blazars in onze verzameling een
grotere variabiliteit in hun helderheid vertonen dan reguliere Seyfert-stelsels typisch
laten zien. Dit houdt in dat variabiliteitsstudies op de kortere tijdschalen ook van nut
zijn bij het identificeren en classificeren van AGN, en zij demonstreren dat de variabi-
liteitsspectra van AGN op deze tijdschalen zeer grote gelijkenis vertonen met die van
CVs en Röntgendubbelsterren.
We hebben een correlatie gevonden tussen de variabiliteitsamplitude in het refe-
rentiekader van de bron op tijdschalen van een uur en de roodverschuiving van de
bron, welke erop wijst dat AGN die verder van ons verwijderd zijn een grotere varia-
biliteit tentoonstellen. Dit effect schrijven we toe aan de afhankelijkheid van variabi-
liteit met de golflengte van de uitgezonden straling. De variabiliteit in het ultraviolette
regime is groter dan in het optische regime voor een gegeven AGN, maar omdat we
alle bronnen in het optische venster waarnemen zien we voor de verdergelegen bron-
nen roodverschoven UV-emissie. We brengen deze correlatie hierom niet in verband
met een kosmologische ontwikkeling van sterrenstelsels - een dergelijke relatie zou
inhouden dat AGN op grotere afstanden intrinsiek meer variabel zijn.
Tot slot hebben we in dit werk een diepgaand onderzoek gedaan naar de instru-
mentele effecten die veroorzaakt worden door de differentiële snelheidsaberratie, die
verdere ogenschijnlijke variabiliteit in het waargenomen systeem kan introduceren.
We hebben in verband hiermee een alternatieve methode voorgesteld om de licht-
kromme van een waargenomen systeem te normaliseren door gebruik te maken van
een sinusfunctie met de periode van de baan van het gebruikte ruimtevaartuig rond de
Zon.
Vooruitblik
In dit proefschrift heb ik mijn onderzoek naar de snelle optische variabiliteit van
verschillende typen accreterende objecten gepresenteerd. Ik heb hierbij verdere on-
dersteuning verzameld voor de universaliteit van accretieprocessen voor compacte ob-
jecten. De notie dat de concepten van accretie universeel zijn suggereert dat de waar-
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neembare eigenschappen die we aantreffen binnen een bepaalde klasse van accrete-
rende objecten met grote waarschijnlijkheid terug zouden moeten komen in de andere
klassen. In röntgendubbelsterren treffen we bijvoorbeeld doorgaans variabele tijds-
vertragingen aan tussen lichtkrommen die op verschillende golflengten gemeten zijn.
Dergelijke zachte tijdsvertragingen heb ik inderdaad aangetroffen voor de dwerg-nova
SS Cygni. Als verdere ondersteuning kunnen de optische variabiliteitseigenschappen
van een grote verzameling van willekeurig geselecteerde AGN succesvol beschreven
worden met het model dat oorspronkelijk ontwikkeld is voor RDs. Ook treft men bij
zowel stellaire zwarte gaten als suppermassieve zwarte gaten doorgaans een lineaire
rms-flux relatie aan. In dit proefschrift heb ik de tot op heden meest uitgebreide studie
naar de lineaire rms-flux relatie in CVs gepresenteerd, en ik heb gevonden dat vele
– maar niet alle – bronnen deze lineaire rms-flux relatie volgen, zelfs op de kortst
waargenomen tijdschalen. Het feit dat niet alle bronnen in de verzameling deze re-
latie volgen is een eerste indicatie dat accretieprocessen wellicht toch een bepaalde
schaalafhankelijkheid kunnen vertonen. Op basis van de microfysische beschrijving
van accretie kan men zelfs garanderen dat er een schaal moet zijn waarop de scha-
lingsrelatie stukloopt. Verder merk ik op dat sommige van de waargenomen CVs
geen strikt lineaire rms-flux relatie vertonen. Hoewel dit te wijten kan zijn aan de re-
latief beperkte variabiliteit die deze systemen, kan een andere verklaring zijn dat het
gebruikte model te simplistisch is. De nagenoeg gelijke frequenties waarop de vari-
abiliteitsspectra van zowel magnetische als non-magnetische CVs hun knik vertonen
is een verder probleem van de voorgestelde eenvoudige schalingsrelatie, omdat deze
frequenties een duidelijk verschil zouden moeten vertonen vanwege de verschillende
structuur van het binnenste gebied van de accretieschijf die voor de beide systemen
geldt. Als laatste probleem is er het feit dat de tijdsvertragingen in CVs een andere
geometrische verklaring behoeven dan de verklaring die aangehaald wordt voor deze
tijdsvertragingen in RDs.
CVs en RDs delen vele observationele eigenschappen, zoals de aanwezigheid van
röntgenuitbarstingen en de radio-emissie geassocieerd met jets. Een andere overeen-
komst tussen deze systemen is dat het accreterende object in beide gevallen een vast
oppervlak bezit. Dit oppervlak manifesteert zich via het optreden van thermonucleaire
detonaties van opgehoopt materiaal: deze verschijnen als klassieke nova-uitbartingen
en type-I röntgenuitbarstingen, de meest voorkomende typen van thermonucleaire
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stellaire explosies in de Melkweg. Om deze reden heb ik de röntgendubbelster Ginga
0836–429 onderzocht die deze merkwaardige uitbarstingen laat zien. In de waarne-
mingen van dit systeem heb ik 61 thermonucleaire uitbarstingen aangetroffen die ons
in staat stelden om de straal van het sterrestant te bepalen, en tevens de samenstelling
van het geaccreteerde materiaal. Studies van dit type zijn van belang voor het maken
van onderscheid tussen modellen voor de beschrijving van deze thermonucleaire uit-
barstingen aan het oppervlak van compacte objecten.
Kortom, het blijft belangrijk om de verbindende factoren tussen accreterende sys-
temen van verschillende schalen verder te onderzoeken. Dit doel zal bewerkstelligd
worden met de volgende generatie van optische telescopen zoals PLATO, die licht-
krommen met bijzonder hoge tijdsresolutie zal meten om variabiliteit op zeer korte
tijdschaal te karakteriseren. Verkennende waarnemingen van vele verdere CVs op
meerdere golflengten zullen ons een breder inzicht verschaffen in de aard van hun ac-
cretieprocessen. In het bijzonder kan de MeerKAT-radiotelescoop (de voorloper van
de Square Kilometer Array, SKA) ons kostbare informatie leveren over de uitstroom-
processen geassocieerd met accretie. Deze telescoop zal op korte termijn waarne-
mingen uitvoeren in nauwe samenwerking met de optische telescoop MeerLICHT.
Wat AGN betreft zullen de grote synoptische zoekprogramma’s uitgevoerd door te-
lescopen zoals de Large Synoptic Survey Telescope (LSST) een schat aan nieuwe
informatie leveren die het onderzoeksveld sterk zullen beïnvloeden.
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